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Atomic Caesium clocks have made an astonishing development in the past few decades,
with them gaining an order of magnitude in precision every decade. A new generation of
atomic optical clocks is now emerging, which is moving to the forefront of timekeeping.
By going from microwave to optical frequencies these clocks are now reaching fractional
uncertainty levels in the 10−18 range [1], opening a whole new range of exciting appli-
cations.
This thesis presents the design and implementation of an experiment for laser cooling
of strontium atoms, focusing on the mobility of the setup, opening a range of new
applications as a mobile clock. The experimental apparatus applies a range of new
techniques for strontium, such as the use of a two dimensional magneto-optical trap
for pre cooling atoms, allowing for a compact and transportable system. A mobile
laser system for laser cooling strontium atoms was realised. This includes a frequency
doubling system for the main cooling transition. The constructed monolithic frequency
doubling cavity has generated 300 mW of blue light and proven to be a stable setup
suitable for a mobile system. The 3D-MOT was able to capture 4 ·105 atoms with a long
lifetime of 5.5 s, with further improvements for a significant increase in atom number
currently being implemented.
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Introduction
Atomic Caesium clocks have made an astonishing development in past decades, with
them gaining an order of magnitude every decade and having now reached a fractional
uncertainty of 10−16 [3]. A new generation of atomic optical clocks is now emerging,
which are now moving to the forefront of timekeeping. By going from microwave to
optical frequencies these clocks are now reaching fractional uncertainty levels in the
10−18 range [1, 4]. In this thesis I will present the design and ongoing realization of the
first transportable optical clock with neutral strontium atoms using a two dimensional
magneto-optical trap. The transportability of an atomic clock opens a range of many new
exciting applications. With the use of the gravitational red-shift atomic clocks can be
used to measure the absolute gravitational potential, allowing for the synchronisation of
national height systems. This setup can also be seen as a step towards an optical atomic
clock in space. Using the advantages of the stable space environment, an atomic optical
clock in space could be used as a master clock to distribute a stable timing signal to
clocks on earth and in space. Furthermore the generation of Global Navigation Satellite
Systems (GNSS) would benefit from the decreased uncertainty. Strontium is an ideal
candidate for an atomic optical clock, as it offers an easily accessible very narrow optical
transition, which is only weakly influenced by external fields. Its level structure offers
an easily accessible broad transition for efficient laser cooling and trapping and a narrow
1
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transition for reaching low temperatures. The low complexity of the required lasers is
especially desirable for a portable setup. The only major concern is the relatively large
sensitivity to black body radiation, which is currently being mapped to be compensated
[5]. In order to move to a mobile experiment I will present the solutions I have developed
to trap strontium atoms. One of the main focuses of this experiment are the laser systems
I have developed and tested to meet the requirements of a mobile setup to allow for
efficient cooling and trapping of strontium. For this I have constructed and characterised
a robust frequency doubling cavity giving up to 300 mW of the required blue cooling
light. I will show the successful first trapping of strontium in a two dimensional magneto-
optical trap (MOT) as a source for providing pre-cooled atoms for trapping in a three
dimensional MOT.
This thesis is divided into six further chapters, which are organized as following:
Chapter 1 gives a historical perspective on the development of atomic clocks and gives
an overview of atomic optical clocks and their potential future applications.
Chapter 2 will introduce the concept of laser cooling and magneto-optical trapping of
neutral atoms and show the simulations carried out to find the optimum parameters
for the 2D-MOT and give an estimation of the expected flux of atoms.
Chapter 3 presents the mobile laser systems constructed for this experiment, highlight-
ing the construction and characterization of a robust frequency doubling cavity.
Additionally an overview of investigated alternative blue sources suitable for a
mobile experiment will be presented.
Chapter 4 is dedicated to the experimental setup, detailing the construction of the
vacuum apparatus and all its components as well as showing the design and pro-
gramming of the experimental control system.
Introduction 3
Chapter 5 will present the results achieved in successfully trapping neutral strontium
atoms in a 3D-MOT, which is loaded with pre-cooled atoms from a 2D-MOT.
Chapter 6 will give an outlook of the development of this experiment in the near
future.

Chapter 1
Introduction to Atomic Clocks
The accurate measurement of time has always played a fundamental role in mankind’s
life. This chapter will give an introduction into the historical development of timekeeping
and give an overview of the development and current state of atomic clocks. Also the
potential applications of the next generation of atomic clocks will be highlighted.
1.1 Historical Perspective
In mankind’s life the measurement of time has played an important role for many cen-
turies. Societies agricultural endeavours, one of the main sources of food, require the
knowledge of the time of the year, as crops need to be planted in accordance with the
seasons. The time provided by nature is the rotation of earth and celestial bodies which
were used for timekeeping for many decades. This allowed for the synchronization of
activities on the timescale of months and days. However these natural timescales can
not be used to further divide time into smaller units, which were being demanded by
progressing more complex societies. Such things like the coordination of transport and
5
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navigation required widely available timing below the scale nature provided. For this, de-
vices with periodic events occurring more frequently were required, which subsequently
led to the development of man made clocks.
The first man made clocks were simple devices like water or sand clocks which allowed
one to further divide the day. Over time the complexity of these clocks increased leading
to designs like the verge-escapement, the first mechanical clock to control its rate by
advancing a gear train at regular intervals. In the 14th century accuracies of 15 minutes
per day were achievable. The invention of the pendulum clock by Huygens played an
important role in the improvement of timing precision. The first versions of this device
only lost a minute in one day, with the best pendulum clocks reaching accuracies of less
than one second per 100 days by the end of the 19th century.
The development of small mechanical clocks, as they are still used nowadays, was mainly
driven by navigational needs for ships in the 18th century. Pendulum clocks were not
suitable for the sea, especially in rough weather, but accurate timekeeping was crucial for
navigation to determine longitude by means of celestial navigation. A different approach
was required and the invention of the marine chronometer by John Harrison in 1761 was
able to satisfy the required accuracy of 1 second per day. Nowadays most mechanical
clocks still use the same principles of this revolutionary technology.
The rapid increase in accuracy of clocks, as we are still seeing it nowadays, began in the
20th century with the development of quartz oscillators. Electro-mechanical resonances
in these crystals had a significantly smaller oscillation period, allowing for timing on
much shorter timescales. Well designed quartz oscillators only show a change in period
corresponding to a loss of one second in up to 30 years.
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The development of man made clocks has seen great improvements from the first water
clocks over the pendulum clocks to the quartz oscillators. But yet one fundamental limit
remaining with all these clocks is that they do not offer an absolute time reference. They
themselves need to be synchronised periodically with an absolute reference.
1.2 Atomic Clocks
The development of quantum mechanics has led to a new understanding of atomic
structure, enabling the use of atomic transitions to build more accurate and stable clocks
than mechanical clocks can ever be. The structure of the atom allows for transitions
between energy levels by the emission and absorption of electromagnetic radiation. The
atomic energy levels precisely determine the frequency of the emitted light.
The frequency emitted by an atom on a specific transition will be exactly the same for
every atom of this species, when observed in the same environment, allowing an absolute
measurement of time. The difference in timing of two clocks now only depends on their
ability to read out the atomic transition and take into account environmental effects,
such as gravity.
The first demonstration of an atomic transition as a frequency reference was the use of
the inversion transition in ammonia in 1949 [6] with the first demonstration of a caesium
atomic clock soon to follow at the UK National Physical Laboratory (NPL) [7]. The
achieved accuracies have lead to a redefinition of the second within the International
System of Units (SI) as ”the duration of 9192,631,770 periods of the radiation corre-
sponding to the transition between the two hyperfine levels of the ground state of the
caesium-133 atom” [8]. Up to today this definition still holds.
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Figure 1.1: Development of atomic clocks since 1955. In blue the development of Cs
clocks. In green the development of optical clocks. In red most recent developments of
optical clocks with estimated uncertainties. Figure reproduced from [9].
Caesium clocks have made an astonishing development in the last half century. Roughly
an order of magnitude in uncertainty was won per decade, where the uncertainty of a
clock is defined as the drift of the clock from an ideal clock. The best caesium fountain
clocks are now reaching uncertainties in the lower 10−16 level, meaning a fractional
uncertainty, as is illustrated in figure 1.1.
1.2.1 Atomic Optical Clocks
Although the development of the caesium atomic clocks has been astonishing in the last
decades, they are now reaching limitations, where the required effort for a much further
increase in uncertainty would stand in no contrast to the gain. Currently the main
contributors for the uncertainty of caesium clocks are collisional shifts and the microwave
power dependence [10]. The next possible step would be to further increase the frequency
by going to optical transitions. Such optical clocks have been around since 1980, but
to acquire an electronically usable signal, complicated frequency chains were required.
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Such a chain would convert the optical frequency of several hundred terahertz to an
electronically accessible microwave signal in several complicated frequency conversion
steps [11, 12]. But these chains were too complex and unreliable for the clock to truly
benefit from the increase in frequency.
The development of the octave spanning frequency comb enabled the direct readout of
the optical frequencies. This invention revolutionized the development of optical clocks
by greatly reducing their complexity. A frequency comb consists of a mode locked laser
delivering ultra short (∼ 10−15s) pulses which are separated in time by τ = 1/frep,
defined by the pulse repetition rate frep. In the frequency domain the output consists
of evenly spaced discrete frequencies peaks, which look like a comb, separated by frep.
With the use of a non-linear fibre, these peaks are spread to the entire visible light
domain, allowing the exact determination of the frequency of each comb mode by self
referencing. The optical frequency of an interrogation laser is converted to the microwave
domain by beating it with a nearby comb mode of known frequency. Optical frequency
combs can be seen as an optical ”clockwork” with current measurement inaccuracies in
the ∼ 10−19 range [13]. The importance of the frequency comb was valued by the Nobel
Prize being awarded to its inventors in 2005.
An atomic optical clock consists of two main parts: One is the interrogation or clock
laser and the other one the atomic reference as is shown in figure 1.2. The clock laser
will probe the atomic reference and is held on resonance by the control electronics. To
prevent drifts of the clock laser in between measurements of the atomic transition it
needs to have very low drifts on timescales of a second. To achieve this it is locked
to an ultra high finesse cavity, which is thermally very well stabilized to achieve the
required stability. For a high accuracy and stability of the clock external effects on the
atomic transition, such as Doppler broadening or collisional shifts, have to be minimized.
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Figure 1.2: Schematic overview of the setup of an atomic optical clock. Top half: The
cavity pre-stabilised clock laser is stabilised to the atomic reference transition by an
electronic feedback loop, inheriting it’s accuracy. The atomic reference transition is a
very narrow linewidth transition to allow for a very precise measurement. Bottom half:
The frequency of the clock laser is converted to an electronically countable microwave
frequency by beating it with a frequency comb.
The clock laser itself requires a high degree of stability to fully benefit from the narrow
linewidth of the atomic transition [14, 15].
With the advances in laser cooling and laser technologies and with the combination of
frequency combs optical clocks have passed the caesium clocks’ stability in recent years
and are now moving to the forefront of the frequency standards field (see figure 1.1).
It is now only a matter of time until the redefinition of the SI second by an optical
standard.
1.2.2 Principle of a Neutral Atomic Optical Lattice Clock
Two types of optical clocks are currently in a head to head race. One approach uses
ions as a reference, drawing on the advantages of tight confinement in ion traps, which
eliminates Doppler effects, and having long readout times. But such clocks are currently
limited by the probing of a single ion, as it is very difficult to capture several ions
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without them disturbing each other. The other promising approach to such an optical
standard uses neutral atoms tightly confined in an optical lattice. This gives optical
lattice clocks the advantages of the low Doppler effects of ion clocks combined with high
atom numbers, but potentially at the cost of larger influence from the environment [16].
To understand the advantages of confining the atoms in an optical lattice let us look
at the Doppler broadened linewidth of a sample of ultra cold strontium atoms. Using
laser cooling temperatures in the µK range can be achieved with strontium atoms (see
further discussion on laser cooling in section 2.2). Even at these ultra cold temperatures
the Doppler broadened linewidth is still on the order of tens of kHz, far too much to
achieve the required accuracy. Further cooling could decrease the Doppler broadening,
but reaching temperatures in the nK range becomes increasingly complicated and at
a large loss of atoms. Even a very cold 1 nK atomic sample would have a Doppler
broadened linewidth at the kHz level, due to the weak square root dependence of the
Doppler width on the temperature. Even the recoil transfer when absorbing a photon
from the clock laser beam leads to a significant shift of νr=4.4 kHz.
To overcome these problems the atoms can be confined in a tight harmonic potential
[17, 18]. The atoms are trapped in an optical lattice simulating a harmonic potential
formed by a standing wave light pattern from a far off resonance laser. For a potential
depth of the lattice much larger than the thermal energy of the atoms kBT most of the
atoms will populate the lowest vibrational ground state.
In the case of tight confinement the energy scales of the optical lattice are larger than
the photon recoil and the atom is in the Lamb-Dicke regime [19]. In this state the
atom cannot take up the photon recoil momentum of the clock laser, since the minimum
energy scale is given by vibrational states of the lattice. Instead the momentum of the
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photon is taken up by the lattice potential. This allows for Doppler free spectroscopy of
the atoms.
For bringing the atoms into the Lamb-Dicke Regime any far detuned lattice laser from
the resonances in strontium would be suitable. But due to the AC-Stark effect the
energy levels in the atom get shifted. This would lead to a frequency change of the clock
transition due to an uneven shift for most wavelengths. To overcome this problem the
lattice laser needs to be at the “magical wavelength”[17]. At this wavelength the shift
from the ground and excited state are equal. The “magic wavelength” for strontium is
at an easily accessible 813.428 nm [2]. Yet trapping atoms in a lattice at the “magic
wavelength” does not prevent broadening effects from collisions. Since several atoms are
trapped in a single lattice site collisions between these will cause a broadening of the
measured clock transition. These effects have been exhaustively studied in [20–24].
Strontium is the most promising candidate for an optical lattice clock. The level struc-
ture of strontium (for a detailed discussion of the level structure see section 2.1) allows
it to reach very low temperatures of a few µK by laser cooling with mainly diode lasers
and has a convenient wavelength of 813 nm to trap it in an optical lattice. It offers a
very narrow transition (<10 mHz), which is insensitive to most external fields.
1.2.3 Current Status of Neutral Atomic Clocks
Neutral atom clocks in an optical lattice have come a long way since the initial proposal
by Katori [25], with the first realisation in 2003 [26]. Already by 2006 several absolute
frequency measurements of fermionic strontium were reported by groups from the JILA
[27], SYRTE [28] and Tokyo [29], leading to an accepted value for the frequency of the
atomic transition in fermionic strontium of 429 288 004 229 873.7 Hz, with a fractional
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uncertainty of 1 · 10−15. It was acknowledged as a secondary representation for the
definition of the SI second [30]. In recent times the PTB joined the group of measured
strontium frequencies [31]. With updated measurements from the other groups [32–
34] a good agreement between these measurements was reached and the recommended
frequency value for the secondary representation of the second is now defined by 87Sr, as
shown in figure 1.3. The main limitation of these measurements is not from the lattice
clock, but by the caesium fountain clocks used as a reference.
Figure 1.3: 87Sr Clock frequency comparison of the latest absolute frequency mea-
surements from SYRTE [32], JILA [33], Tokyo [34] and PTB [31]. Light blue bar shows
recommended value from CIPM [30] from initial measurements in 2006
Not only strontium, also other elements such as Yb and Ca are showing promising
developments towards the realisation of a lattice clock. Table 1.1 gives an overview of
the state as of mid 2011 of such clocks.
But also the field of ion clocks is not sleeping and recently an Al+ logic clock has reached
a record uncertainty in the 10−18 level [1, 4].
Current research efforts are focussing on the black body radiation (BBR) shift, which
Introduction to Atomic Clocks 14
Table 1.1: Overview of current state of neutral atomic clocks. The fractional uncer-
tainty is measured by comparison with other atomic clocks.
Species Transition Fractional Uncertainty Systematic Uncertainty
87Sr 1S0-
3P0 1.4 · 10−16 [33] 8.6 · 10−16 [33]
171Yb 1S0-
3P0 3.4 · 10−16 [35] 1.4 · 10−15 [35]
174Yb 1S0-
3P0 1.5 · 10−15 [36] 1.8 · 10−15 [36]
88Sr 1S0-
3P0 2.9 · 10−15 [37] 3.0 · 10−15 [37]
40Ca 1S0-
3P1 6.6 · 10−15 [38] 7.5 · 10−15 [38]
is currently dominating the uncertainty budgets of lattice clocks. The BBR shift arises
from an unequal perturbation of the ground and excited clock state, caused by the
thermal radiation of the environment, such as the vacuum chamber and the heated
strontium source. At room temperature (t ≈ 300 K) the fractional shift caused by BBR
is at the 10−15 level with an uncertainty of 1·10−16 [31, 33], being comparable to the best
reported uncertainties shown in table 1.1. Recently the first systematic measurements
have lowered the uncertainty associated with the correction of the BBR shift, which
translates to a 5 · 10−18 relative frequency uncertainty at room temperature [5].
1.3 Applications of the Next Generation Atomic Clocks
Atomic clocks play an important role in a range of applications ranging from everyday
life to a variety of scientific fields.
The most well known application of atomic clocks in our everyday life are Global Navi-
gation Satellite Systems (GNSS). Currently four global systems are operational or being
setup: The American GPS, the European Gallileo, the Russian GLONASS and the Chi-
nese BDS. Each of the typically 20-30 satellites per system have an atomic clock on
board, which transmit timing signals to receivers on earth or in space. These systems
have and will further revolutionize navigation of e.g. airplanes, ships and cars. When av-
eraging the position data for stationary objects even accuracies of 1 mm can be achieved
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[39]. This allows one to accurately follow the motion of for example tectonic plates or
the individual movement of regional formations.
Besides using the timing information of GNSS systems for position determination, the
accurate timing signal itself offers a range of applications. Providing a global time
signal in the 1 ns region it can be used to synchronize large-scale electricity grids, large
computer networks for stock trading or mobile phone networks.
Another important field where the stability of atomic clocks can be used is radio astron-
omy for Very Long Baseline Interferometry (VLBI). VLBI uses multiple radio telescopes
to greatly improve the angular resolution. Crucial for the operation is precise synchro-
nisation of the telescopes to a level only atomic clocks offer [2].
Precision Spectroscopy is a field deeply linked with the development of atomic clocks.
This field is driving, or more appropriately is driven by, the advances in atomic clocks.
New spectroscopy techniques and technologies are continuously being developed to im-
prove clock performance. One of the major motivations for the development of laser
cooling was for example the improvement of the accuracy of atomic clocks [40].
1.4 Portable Atomic Clocks
Most optical clocks are stationary experiments filling entire labs. They offer an un-
precedented accuracy, but are limited to a stationary location. To fully characterize
an optical clock and determine its accuracy, a second at least equally accurate timing
signal is required. Most bigger laboratories tend to have several clocks operational for
comparison and characterization. A new field now emerging is the use of optical fibre
links to distribute the time signal [41]. This will allow the transfer of stabilised laser
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light over hundreds of kilometres using standard telecommunication fibres, which can be
used for comparison of clocks over long distances. But these systems currently require
very expensive dark fibres and special repeater stations every 100 km, currently limiting
the use to special test setups operated by large clock laboratories.
A different approach is a portable clock, which can be operated at various different
sites, allowing for comparison of a wide variety of clocks. The first steps towards the
construction of building a portable clock will be presented in this thesis. Having a
portable clock would allow for the evaluation of different systematic effects and to verify
the reproducibility of different optical frequency references, as would be required for the
redefinition of the SI second.
1.4.1 Space Applications
With the rapid improvement of optical clocks in recent years and the best of them nearly
reaching accuracies of one part in 10−18, many effects previously neglected, have to be
taken into account. The operation of these clocks will strongly depend on their elevation
as described in section 1.4.2. With the redefinition of the SI second to an optical standard
being discussed, optical clocks worldwide would serve as a reference. This requires the
knowledge of the height of the clock to one cm or better, if the improvements gained by
an optical standard are to be used. To be more precise, not the height distance of the
mean sea level is required but the distance from the earth’s geoid, which is defined as a
hypothetical surface of constant gravitational potential.
To have an international time scale, as currently in operation with around 50 Caesium
clocks contributing [43], benefiting from the increased accuracy, it would not be sufficient
to carefully map the geoid to the required precision since the geoid is not at rest. It is
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Figure 1.4: Measurement of the geoid by the satellite GRACE [42]. The cosine
showing the annual absolute change of the geoid for summer and winter. The sine
showing the change for spring and autumn.
being influenced by a host of processes, such as solid earth tides which can introduce
fluctuations of up to 20 cm. Other effects include oceanic tides, effects of atmospheric
pressure on ocean levels, and longer term effects such as glacial melting [44]. Annual
effects at a global scale were measured by the GRACE mission [42]. Figure 1.4 is showing
the measured data showing geoid movements of up to two cm on an annual basis. One
could say earth is too noisy for the next generation of optical clocks [45].
To avoid such problems, future optical clocks could be set in space. Space offers a much
more stable environment, where the effect of earth’s gravitational field can be reduced
by choosing higher orbits [46–49]. The operation of optical clocks in space has however
numerous challenges to be overcome [50], with simple considerations including mass and
power budgets as well as autonomous operation. The setup introduced in this thesis
can be seen as a step towards optical clocks in space, with parts like the 2D-MOT
and the use of permanent magnets reducing the size, weight and required power of an
optical clock. Despite the additional required effort, operation in space offers a range of
potential applications [51]:
Optical master clock in space An optical clock in space could be used as a master
clock to distribute time and frequency to other clocks on earth and in space. Such
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a clock, or an array of such clocks, would allow for the comparison of optical clocks
on earth to create the international atomic time scale [51].
GNSS The use of optical clocks on board GNSS satellites could improve the uncertainty
budget. Although atmospheric effects play an important role for earth positioning,
satellite ranging would greatly benefit from the increased stability.
Tests of fundamental physics The environment in space offers a number of advan-
tages for tests of fundamental physics, such as variable gravity potentials, large
distances, high velocity and low acceleration regimes [52]. The comparison of an
optical clock in a elliptical orbit to a reference clock would allow an unprecedented
test of the gravitational red shift. This would allow the further verification of
Einstein’s Theory of Relativity or might show the existence of quantum effects in
gravity, providing support for emerging theories aimed at unifying the fundamental
theories of gravity and the standard model [53].
1.4.2 Relativistic Geodesy
With optical clocks reaching a level of accuracy in the one part in 10−18 region [1, 4]
a whole new range of external effects has to be taken into account. One of the now
clearly visible effects as discussed in the previous section is the frequency shift due to
gravitation. Clocks with an accuracy in the lower 10−17 level will be able to see a
frequency change if moved by height of 10 cm (see calculations below). For a precise
comparison of such clocks the difference of the gravitational potential at the clock sites
has to be known to an equivalent spatial determination of a few cm [54]. On the other
hand, using this effect, it is possible to determine the gravitational potential to such an
accuracy. For such a measurement the comparison to a reference clock is necessary. The
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microwave link of the Atomic Clock Ensemble in Space (ACES), could offer the required
stability in the 10−17 range with an averaging time of one day [55, 56].
With a portable setup, measurements of the gravitational potential at various places
on Earth would be feasible. The advantages of using an optical clock are its ability
to measure the absolute value of the gravitational potential and the achievable spatial
resolution, mainly only being limited by the position determination. So far the most
exact measurement of the earth’s gravitational potential has been done by the satellite
GRACE [57]. It is able to measure with a resolution of 1 cm, but due to its altitude of
450 km the spatial resolution is limited to 150 km.
A main motivation for an on-site measurement is the internationally standardised height
system. Current height systems are based on country-specific geodetic points, like the
Mean Sea Level on the coast of a country. The difference between these height systems
is usually between a few centimetres up to a few decimetres [58]. With a portable atomic
optical clock it would be possible to combine the different height systems to a common
geoid.
The change in frequency in different gravitational potential is caused by the gravitational
redshift, which was predicted by Einstein’s theory of relativity. For two identical clocks
operating at the locations r1 and r2 the ratios of their frequencies will depend on the
Earth’s geopotential U at the location of each clock. If we assume a stationary observer
the frequency ratio can be written as [59]:
f(r1)
f(r2)
≈ 1− U(r2)− U(r1)
c2
(1.1)
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with c being the speed of light. A more detailed theoretical discussion can be found in
[60]. With ∆U = U(r2) − U(r1) and ∆f = f(r2) − f(r1) we can rewrite the fractional
uncertainty from eq 1.1 in a more practical form:
∆f
f(r2)
=
∆U
c2
(1.2)
If we assume a frequency uncertainty of ∆f/f ≈ 10−17 of the two clocks the corre-
sponding minimum detectable height change can be calculated. This frequency uncer-
tainty corresponds to a change in the gravitational potential of ∆U = c2 · 10−17. The
corresponding shift in gravitational potential can be calculated by an assumed height
difference between the two clocks of ∆h, which leads to:
∆U =
GME
RE
− GME
RE +∆h
≈ GME∆h
R2E
(1.3)
where G is Newton’s gravitational constant, RE ≈6371 km is earth’s mean radius and
ME ≈5.97·1024 kg is earth’s mean mass. With these values we can obtain sensitivity in
geoid height of ∆h ≈10 cm. A first validation at this level has already been performed
by a stationary clock operating in the low 10−17 level. It was raised by 33 cm with a
difference in the beat signal with a reference clock being visible [61].
Chapter 2
Laser Cooling and Trapping of
Strontium
The development of laser cooling has led to a whole new range of exciting research fields
in physics [62]. The trapping and cooling of atoms in a magneto optical trap (MOT) has
allowed researchers to study atoms at long interaction times and very low temperatures.
It has also laid the path to reach ultra cold quantum degenerate gas regimes creating
Bose-Einstein condensates (BEC) [63] and degenerate Fermi gases (DFG) [64]. Most
importantly it has lead to tremendous improvements in spectroscopy and enabled major
advances in its development. These advances were only made possible by the use of laser
cooling. The research community using laser cooled atoms is still continuously growing
and is applying the advantages to many new exciting fields [62, 65].
Historically alkali atoms, mainly rubidium, have been the choice for laser cooling. Their
single valence electron offers a simple structure and cooling transitions are at diode
laser-friendly wavelengths. It is no surprise that the first BEC [63] was achieved with
Rubidium and Potassium was used in the first DFG [66].
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Isotope Nuclear Spin Atomic Mass in u Relative Abundance
88Sr 0 87.905 6121(12) 82.6 %
87Sr 9/2 86.908 8771(12) 7 %
86Sr 0 85.909 2602(12) 9.9 %
84Sr 0 83.913 425(3) 0.56 %
Table 2.1: Natural stable strontium isotopes [67], with u≈1.66·10−27 kg
Alkaline earth atoms have, until recently, been pursued by only a few labs, mainly due to
the more challenging wavelengths required for laser cooling and trapping. But the same
two electron level structure causing the greater laser requirements, also offer various
experimental possibilities.
This chapter will give an overview of the strontium atom and its characteristics. The
concepts of laser cooling and magneto-optical trapping of atoms will be introduced, as
well as a two dimensional magneto-optical trap (MOT) which is used to pre cool the
atoms. A simulated estimation of the expected flux of the 2D-MOT will be given.
2.1 The Strontium Atom
Strontium is part of the alkaline earth atoms with two valence electrons in the outer
shell. For these atoms the energy levels can be grouped into two separate classes, one
with parallel total electronic spin S=1 (triplet state) and one with anti-parallel total
electronic spin S=0 (singlet state). Electric dipole transitions between these state are
forbidden due to the selection rule ∆S=0, but actually spin-orbit interaction provides a
finite lifetime allowing dipole transitions to take place. These ”intercombination lines”
are very narrow in frequency making them very interesting for metrology applications.
Strontium has four natural isotopes. The isotopes are listed in table 2.1 along with
their nuclear spin, relative atomic mass and abundance. The work on this experiment is
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mainly focussed on the most abundant isotope 88Sr. The bosonic isotopes of strontium
have zero nuclear spin, thus states with J=0 have no hyperfine levels and are therefore
not sensitive to stray magnetic fields. The insensitivity to magnetic fields adds to the
attractiveness of strontium as a candidate for an optical clock.
For an atom to be suitable as a reference for an atomic optical clock, it needs to have
some key features. (i) The most important one is a very narrow transition in the optical
range. (ii) To efficiently cool and trap the atoms a strong cooling transition with a short
cycling time is required. (iii) Also a narrow transition is favourable to easily reach ultra
cold temperatures to trap the atoms in an optical lattice (see section 1.2.2). The most
promising and most studied atoms are alkaline earth atoms such as Mg [68], Ca [69] ,
Sr [31] and a few others like Yb [70] and Hg [71]. The double valence electrons give rise
to the previously discussed intercombination lines. The main advantage of strontium is
that most of the required wavelengths are in the visible or near infrared range, with all
of them being directly accessible by diode lasers. This greatly reduces the complexity of
the setup, which is favourable for a mobile experiment.
The atomic structure in strontium allows for two main cooling transitions (see figure
2.1). One at 461 nm is a broad transition with a linewidth of γ/2pi=32 MHz allowing
for efficient cooling. The other one at 689 nm is a narrow transition with a linewidth of
γ/2pi=7 kHz enabling Doppler limited cooling to reach low µK temperatures (see section
2.2) [72]. The relevant transition lines in strontium are shown in figure 2.1 following the
Russel-Saunders notation [73] of 2S+1LJ , where S is the total spin of the electrons (for
strontium S is either 0 or 1), L is the angular momentum of the electrons and J is
the total angular momentum of the state. In the following an overview of the relevant
transitions in strontium for our experiment will be given.
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Figure 2.1: Termdiagram for 88Sr. Data from [74]
Relevant atomic transitions in strontium [74]:
Cooling transition 461 nm: The cooling transition from 1S0 to
1P1 has a broad nat-
ural linewidth of 32 MHz at a wavelength of λvac =460.8618 nm and a frequency
of ν = 6.505042 · 1014 Hz. With a branching ratio of 2 · 10−5 the electron will not
decay directly back into the ground state, but into the 5s4d 1D2 state. From here
it will decay into the 5s5p 3P2 or the 5s5p
3P1 state with a probability of 33% and
66% respectively.
2nd stage cooling transition 689 nm: With a linewidth of only 7.5 kHz the 1S0 to
3P1 transition will be used for the second stage cooling, allowing for low Doppler
Laser Cooling and Trapping of Strontium 25
limited temperatures. It has a wavelength of λvac=689.4483 nm and a frequency
of ν = 4.348296 · 1014 Hz.
Repumpers: Atoms which have decayed into the 5s5p 3P1 state, which has a lifetime
of τ = 21 µs, can directly decay into the ground state. But atoms which decayed
into the metastable 5s5p 3P2 state cannot directly decay into the ground state. A
repumping laser is required to pump the atoms to the 5s5p 3P1 state from which
they can decay to the ground state. Currently three types of repumping schemes
are used on strontium experiments:
5s5p 3P2 − 5s5d 3D2: This repumping setup only requires one laser at the
wavelength of λvac=496.9326 nm to pump electrons from the 5s5p
3P2 state into
the 5s5d 3D2 state. From this state they can decay back into the 5s5p
3P1 state
and then to the ground state. Currently there are no laser diodes available at this
wavelength, hence a frequency doubling setup is required.
5s5p 3P2 − 5s6s 3S1 and 3P0 − 5s6s3S1: This repumping setup requires two
lasers, one at 707 nm and one at 679 nm. The electrons are pumped to the
5s6s 3S1 state by a laser at λvac=707.202 nm. From here they can decay to any
of the 5s5p 3P states. If they decay to the 5s5p 3P2 state they are again pumped
to the 5s6s 3S1 state. If they decay to the 5s5p
3P1 state they can decay to the
ground state. And if they decay to the 5s5p 3P0 state a second repumping laser
at λvac=679.289 nm is required to pump them again to the 5s6s
3S1 state. Since
laser diodes are available for both wavelengths this scheme was chosen for our
experiment.
5s5p 3P2 − 5s4d 3D2: This repumping setup only requires one laser at the
wavelength of λvac=3.0 µm to pump electrons from the 5s5p
3P2 state into the
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5s4d 3D2 state [75]. From this state they can decay back into the 5s5p
3P1 state
and then to the ground state.
Clock transition: The 1S0 −3 P0 transition has a natural linewidth of one mHz in
fermionic 87Sr and a measured frequency of 429,228,004,229,874.0(1.1) Hz [2]. In
bosonic strontium this transition is not accessible without the aid of external fields.
With a field of 1 mT a small fraction of the nearby 3P1 can be mixed into the
3P0
state, allowing single photon excitations of the clock transitions [76].
2.2 Laser Cooling and Trapping
The concept behind laser cooling is that light, like matter, has both momentum and
energy. By transferring the momentum in a directed way, the velocity of the atom can be
decreased. When a photon is absorbed by an atom, conservation of momentum dictates
that the momentum of the photon ~pph = ~~k is absorbed by the atom, where ~|k| = 2pi/λ
is the light wave vector and λ is the wavelength of the light. Considering a velocity
vector ~v of the atom and a light k-vector ~k, then the atomic momentum is changed from
~patom = m~v to ~patom = m~v + ~~k. The photon is reemitted while the atom relaxes from
the excited state to the ground state via a spontaneous decay process. The photon is
emitted in a random direction. Averaging over many emissions, the momentum transfer
of the emitted photon averages to zero and the atom only experiences a momentum
change from the absorbed photons. As the atoms are in motion while cooling, the
frequency of the laser will be shifted by the Doppler shift ∆ωD = ~k · ~v.
We now consider the simplified case of the atoms moving only in one dimension and with
two counter propagating beams. The beams are red detuned with respect to the atomic
transition. For an atom travelling in the opposite direction as the beam propagates, it
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will see a ”blue” shift in the frequency, i.e. the photons appear at a higher frequency
due to the Doppler effect. The atom is now more likely to absorb a photon from the
beam opposing its direction than the other one, resulting in a cooling force. For the
case of low light intensity the forces of the two counter propagating beams can simply
be added up [62] ~FOM = ~F+ + ~F−, with ~F+ being the force from one laser beam and
~F− the force from the counter propagating laser beam which include power broadening
of the line at higher intensities:
~F± =
~ ~k s0 γ/2
1 + s0 + (2(δ ∓ |∆ωD|)/γ)2 (2.1)
with γ being the line width of the atomic transition. s0 = I/Is is the ratio of laser
intensity to the saturation intensity and δ is the detuning of the laser. Note the change
of signs in the denominator. When the atom absorbs a photon from one beam it cannot
absorb a photon the the other beam until the absorbed photon is emitted. For the case
of higher intensities this will cause a slight over estimation of the force for each beam
on the atom.
For δ < 0 this force looks like a frictional force and therefore viscously damps the
atomic motion. Due to the similarity with a viscous fluid this damping is called ”optical
molasses” [77].
The atoms would be slowed down to zero velocity and zero temperature if there were no
other influence on the atomic motion, a clearly unphysical result. Due to the discrete
size of the momentum steps from the photon absorption and the random decay process
the atoms are also heated. During each decay process the kinetic energy of the atom
changes at least on average by the recoil energy Er=~ωr. For each scattering event the
light field loses an average energy of 2~ωr, one ~ωr for the absorption and one ~ωr for
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the emission. This loss occurs at a rate of 2γp (two beams), where γp is the scattering
rate of one beam. The energy becomes kinetic energy since the atoms recoil from each
event. The atom is therefore heated due to the random direction of the recoils. At a
steady state the rates of the heating and cooling are in equilibrium. The temperature of
the atoms in this state can be found by equating the cooling rate, ~F · ~v, to the heating
rate, 4~ωrγp, and is shown to be [62]:
TD =
~γ
2kB
(2.2)
TD is called the Doppler temperature and represents the lowest achievable laser cooling
of a simplified two level atom. Atoms having degenerate sub-levels can be further cooled
by techniques such as Sisyphus cooling [78, 79]. The lowest achievable temperature of
laser cooling is set by the recoil energy acquired from spontaneous emission, with the
exception of very special schemes allowing for the cooling of atoms below this limit,
like for example velocity selective coherent population trapping (VSCPT) [62, 80]. The
atom will at least have the momentum from the last emitted photon and thus is limited
to the recoil temperature:
Tr =
~2k2
kBm
(2.3)
where m is the mass of the atom.
Doppler cooling is a useful technique for cooling atoms, but it is not suitable for trapping,
since it has no spatially dependant force. To achieve trapping of atoms, a combination
of both optical and magnetic fields can be used. The magnetic field adds a spatially
dependent component to the force. For a simple Jg = 0 → Je = 1 transition the
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Zeeman components are shifted by the magnetic field and therefore with position. The
arrangement of such a magneto-optical trap (MOT) is illustrated in figure 2.2 for the
simplified case in one dimension.
In the excited state mj = +1 is shifted up for B>0 and mj = −1 is shifted down. At
position x’ in figure 2.2 the ∆mj = −1 transition is shifted closer to resonance and the
∆mj = +1 transition is shifted further away. In combination with the selection rule for
circular polarized light of σ± → ∆mj = ±1 this results in more absorption of the σ−
beam, thus a net force towards the centre of the trap. On the other side of the trap the
roles are reversed and the atoms are also driven towards the centre. Since the laser light
is tuned below resonance, compression and cooling are achieved simultaneously.
mj=+1 
mj=-1 
mj= 0 
σ+ σ- 
Position 
J=0 
J=1 
ℏωL 
ℏδ 
x' 
ℏδ+ 
ℏδ- 
Energy 
B 0 B 
x 
mj=-1 
mj=+1 
mj= 0 
Figure 2.2: Diagram of the Zeeman-levels in a MOT configuration. At the position x’
the light from the left is σ+ and from the right σ− polarized. The magnetic field linearly
increases from the centre. The Zeeman shift by the magnetic field of the mj = −1 state
permits preferential absorption of the σ− polarized light field to push the atoms to the
centre. Due to the red detuning of the laser higher velocities become resonant further
away from the centre. On the left hand side the direction of the magnetic field changes
and the roles of the light fields are reversed.
To quantify the cooling force of a MOT, equation 2.1 needs to be modified to incorporate
the Zeeman detuning of the magnetic field δZeemann = (geme − ggmg)µBB/~ (with g
and e referring to the ground and excited state, gg,e being the Lande´ g-factor, µB the
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Bohr magneton and mg,e being the magnetic quantum number) as well as the Doppler
shift ~k · ~v:
δ → δ± = δ ∓ ~k · ~v ± (geme − ggmg)B/~ (2.4)
The resulting force per axis is, as was the case for Doppler cooling, the sum of the force
from each laser beam:
~FMOT = ~F+ + ~F− (2.5)
In the case of the Doppler and Zeeman shifts being small compared to the detuning
δ, terms of the order (kv/γ)4 and higher can be neglected and the denominator of the
expanded equation 2.5 can be expanded to:
~FMOT = −β~v − κ~r (2.6)
with the damping coefficient β and the spring constant κ defined as, and dB being the
gradient of the magnetic field B:
β =
8~k2δs0
γ(1 + s0 + (2δ/γ)2)2
(2.7) κ =
(geme − ggmg)dB
~k
β (2.8)
The force described in equation 2.6 leads to a damped harmonic motion of the atoms in
the MOT, with the damping rate given by ΓMOT = β/m and the oscillation frequency
ωMOT =

κ/m [62]. When the motion of the atoms is sufficiently reduced quantum
effects will begin to dominate and the harmonic oscillator approximation does not hold
any more.
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Strontium has two transitions easily accessible for laser cooling. The 1S0 to
1P1 tran-
sition has a natural linewidth of 32 MHz and it is used to precool the atoms in a two
dimensional MOT (see section 2.2.1) and trap them in a MOT. The broad linewidth
has the advantage of having a high cooling force to efficiently pre cool and trap the
atoms. This advantage comes at the cost of a relatively high Doppler temperature of
TD=770µK, with temperatures of typically a few mK being achieved [81, 82]. The
second laser cooling line is on the intercombination transition from 1S0 to
3P1 which
is used as a second stage cooling. This transition has a natural linewidth of only 7.6
kHz, limiting the cooling force. The atoms in the first stage or ”blue” MOT will be
loaded into the second stage or ”red” MOT for additional cooling. Due to the narrow
transition it has the peculiar property of the Doppler temperature TD=180 nK being
lower than the recoil temperature Tr=460 nK, thus the lowest achievable temperature
is the recoil temperature. Temperatures in the lower µK range are typically achieved in
the red MOT [72, 81, 83–85].
Transition λ TD Tr Isat
1S0 -
1P1 461 nm 770 µK 1.03 µK 43 mW/cm
2
1S0 -
3P1 689 nm 180 nK 460 nK 3 µW/cm
2
Table 2.2: Relevant parameters for the two main laser cooling transitions of strontium
[2]
2.2.1 2D MOT
Due to the low vapour pressure of strontium the atom source needs to be heated to a
high temperature to have a sufficient flux of atoms. This means that the atoms velocity
Maxwell-Boltzmann distribution only has a small amount of atoms in the velocity class
a MOT could capture. To increase the number of captured atoms in the MOT, they are
pre cooled.
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In this experiment the first two dimensional MOT (2D MOT) will be used to pre cool the
strontium atoms, rather than a Zeeman slower typically used with strontium [9, 86, 87].
The use of a 2D-MOT offers two main advantages over a Zeeman slower. The heated
atom source, in our case a dispenser, can be installed in such a way that it has no direct
line of sight with the trapped atoms for the clock operation, reducing the amount of
black body radiation the atoms experience during the probing of the clock transition.
Black body radiation is currently one of the main errors contributing to the error budget
of strontium clocks [88]. Removing the black body radiation of the strontium oven or
dispenser would improve the accuracy of the clock. The second main advantage of a
2D-MOT is the achievable pressure difference between the 2D-MOT chamber and 3D-
MOT chamber. They are connected via a differential pumping stage, which creates a
pressure difference of more than two orders of magnitude between these two chambers.
The pressure in the 2D-MOT chamber can be optimized for the maximum flux of atoms,
while the pressure in the 3D-MOT chamber can be kept low to prevent collision with
the background gas.
Other advantages of the 2D-MOT, especially with respect for the requirement of porta-
bility and potential use in space, include the size of the setup. It can easily be scaled to
smaller sizes and with the use of permanent magnets (see section 4.1.5) can be operated
at no energy consumption.
This section will show the simulations carried out to estimate the expected flux of atoms
from the 2D-MOT passing through the differential pumping stage. The effects of the
laser power, detuning and the magnetic gradient will be analysed. Typical simulations
assume the loading of the 2D-MOT from a thermal atomic vapour [86]. Due to the low
vapour pressure of strontium, the loading of the 2D-MOT will mainly be from the beam
of atoms emitted from the atomic source. To simulate the flux of the 2D-MOT the
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simulation presented here will mainly focus on the capture of the atoms directly emitted
from the atomic source instead of thermal vapour. This work is based on similar, less
complex work done during my diploma thesis [89].
Using equation 2.5 the force on a strontium atom in a MOT can be calculated, out of
which the acceleration can be calculated using Newton’s second law.
Using this acceleration it is possible to simulate the velocity evolution of a strontium
atom passing through the MOT region. I am assuming here that the force on the atoms
by the laser is continuous. Looking at the timescale of the lifetime of the main cooling
transition of τ=5 ns, there is a large number of spontaneous emission cycles during the
capture time, which has shown to be on the order of a few ms in my simulation. The
velocity of the atom after a time t for the simplified case of a one dimensional MOT can
now be calculated:
v(x, t) = v0 +

a(v, x)dt (2.9)
Equation 2.9 is numerically approximated with a recursive formula:
vn = vn−1 + a(vn−1, xn−1) ·∆t (2.10)
with time steps of ∆ t = 2 µs giving an optimum balance between computing efficiency
and required resolution. The laser beams are assumed to have an equal intensity distri-
bution for this simulation and atoms are assumed to interact with the laser beams over
the range of the beam diameter. Figure 2.3 shows the simulated path of an atom in
the one dimensional case. The laser beams are set to be 1 cm in diameter, the intensity
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is varied between I=1.25 mW/cm2 to I=100 mW/cm2 and the magnetic gradient and
detuning are at dB=0.5 T/m and δ=-57.5 MHz, respectively.
(a) I=1.25 mW/cm2; (b) I=5 mW/cm2;
(c) I=25 mW/cm2; (d) I=100 mW/cm2;
Figure 2.3: Simulated particle trajectories for a 1D-MOT. MOT parameters for cal-
culation at dB=0.5 T/m; δ=-50 MHz and beam width=1 cm. Laser beam intensi-
ties were varied: (a) I=1.25 mW/cm2, (b) I=5 mW/cm2, (c) I=25 mW/cm2 and (d)
I=100 mW/cm2
An effect which might need to be considered is the heating of the atoms due to the
spontaneous emission of the photons. Especially at low velocities, when the absorption
of both laser beams is nearly equal, the emitted photons have a larger influence on
the trajectory of the atom. To include this effect an emission term was included in
the simulation. For every time step the number of absorbed photons is calculated and
the same number of photons is emitted in a random direction. The momentum of the
emissions is summed and the resulting acceleration is calculated. For the 1D case the
photons are randomly emitted either in the positive or negative direction. For the 2D
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case the photons are emitted at a random angle. Figure 2.4 shows ten plots of the
trajectory of an atom for the 1D case. All the trajectories follow the exactly the same
path within the resolution of this graph, showing that the emission of the photons has
a negligible effect on the trajectory of the atom. For the 2D case the emission of the
photons is equally not noticeable. Also the time steps were varied to below 1 µs to where
only 2-3 photons are absorbed per time step. Even here no effect of the emission was
visible.
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Figure 2.4: Particle trajectories for a 1D-MOT with the random emission process
included in the simulation. Ten trajectories were plotted with no broadening of the
trajectories visible. MOT parameters for calculation at dB=0.5 T/m; δ=-50 MHz,
I=5 mW/cm2 and beam width=1 cm.
I am considering two potential layouts of the 2D-MOT setup for this simulation. In one
layout the dispenser is directed at a foil from which the atoms are emitted. In the other
setup the dispenser is in the plane of the 2D-MOT beams emitting at an angle of 45◦ of
the beams. A drawing of the setups can be seen in figure 2.5 showing the location of the
dispensers and the foil, the direction in which atoms are emitted and the laser cooling
beams. For the 45◦ dispenser an additional slit would be required to stop the strontium
atoms coating the viewports. The foil is used instead of the dispenser pointing directly
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at the 2D-MOT capture region due to an expected influence of the nozzle effect. Due
to the small aperture through which the atoms leave the dispenser fast atoms are likely
to collide with slower atoms. From this the number of slow atoms leaving the dispenser
would be reduced lowering the number of atoms we can trap in the 2D-MOT.
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Foil 
30° 
3° 
2D-MOT 
Trajectory of atoms 
entering the 2D-MOT 
Laser beam 
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(a) Dispenser configuration for foil dispenser
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of emitted 
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3D-MOT
laser
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x
y
vacuum chamber
(b) Dispenser configuration for 45◦
dispenser
Figure 2.5: Slice of the vacuum chamber showing the two setups of the dispenser
for the 2D-MOT simulations. (a) View along the horizontal cooling beam (b) View
towards the 3D-MOT
The previously introduced 1D model was extended to incorporate the specifics for each
dispenser configuration. For the 45◦ dispenser the atoms enter the capture region at an
angle of 45◦ relative to the MOT beams. The velocity component along each beam axis
is treated separately. The atom is considered to be captured when both x- and y-velocity
components are below 0.5 m/s. Since two pairs of laser beams are interacting simultane-
ously with the atom, this simulation will over estimate the force on the atom. When the
atom has absorbed a photon from one beam it won’t be able to absorb another photon
until it has emitted a photon and reached the ground state again. For low intensities
the atoms will mostly be in the ground state and this effect is negligible. For higher
intensities, especially when getting closer to the saturation intensity of I=42 mW/cm2,
this effect will become more dominant, thus over estimating the force on the atoms and
over estimating the capture velocity.
Laser Cooling and Trapping of Strontium 37
For the foil dispenser the atoms have a large velocity component in the z-direction, which
is not directly affected by the laser cooling beams. This means that the interaction time
with the laser beams is limited to the time it takes the atoms to pass through the
capture region of the 2D-MOT. To account for this the number of simulation steps was
set to match the time the atom is affected by the 2D-MOT, which is dependant on the
z-velocity and the time of a simulation step. An atom is considered captured if the
x-velocity is low enough when it leaves the 2D-MOT, that it is within a 2 mm radius
of the centre of the differential pumping stage at the 3D-MOT exit. The differential
pumping stage (see section 4.1.2) is a 18 cm long and 6 mm wide tube connecting the
2D-MOT chamber to the 3D-MOT chamber causing a two order of magnitude better
pressure in the 3D-MOT chamber.
Figure 2.6 shows a surface plot of the maximum velocity vc the 2D-MOT can capture
for a beam intensity of I=5 mW/cm2 and a varied detuning and magnetic field gradient
from -5 MHz to -100 MHz and 0.1 T/m to 0.9 T/m, respectively. The maximum capture
velocity plots for intensities between I=1.25 mW/cm2 to I=80 mW/cm2 can be found
in appendix A. The plot for an intensity of I=5 mW/cm2 is shown here since this is
most likely the intensity which will be available at the final stage of the experiment.
For small negative detunings vc increases almost linearly with increasing detuning and
reaches a maximum between δ=40 MHz and δ=60 MHz, depending on the magnetic
gradient. The maximum vc=59 m/s is reached at dB=0.5 T/m and δ=-60 MHz≈-2γ.
At a further increase in detuning, the atoms can only be cooled by the tail of the Lorentz
profile, which is not sufficient to cool them to rest. This can be seen by the sharp drop
of vc after the maximum.
Figure 2.7 shows the same surface plot for the foil dispenser. Here a different shape is
visible, especially the sharp drop after the maximum is less dominant. This is due to
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Figure 2.6: Maximum capture velocity surface plot of the 45◦ dispenser for various
detunings and magnetic gradient settings for I=5 mW/cm2 and beam width=8x1 cm.
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Figure 2.7: Maximum capture velocity surface plot of the foil dispenser for various
detunings and magnetic gradient settings for I=5 mW/cm2 and beam width=8x1 cm.
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the need for a fast deceleration due to the time constraint to fulfil the requirement of
being captured.
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Figure 2.8: Simulated maximum capture velocity for beam intensities from
I=1.25 mW/cm2 to I=80 mW/cm2 with optimized detuning and magnetic gradient
for each intensity.
The maximum capture velocity vc for intensities between I=1.25 mW/cm
2 to I=80 mW/cm2
is plotted in figure 2.8.
Knowing the capture velocity, it is possible to determine the percentage of atoms emitted
from the dispenser the 2D-MOT can capture. For this the velocity distribution of the
emitted atoms needs to be known. As shown in section 4.1.3 the Maxwell-Boltzmann
distribution is a good approximation of the atoms velocity distribution:
p(v) = 4pi

m
2pikBT
3/2
v2exp

− mv
2
2kBT

(2.11)
With an approximated temperature of TDisp,12.5A=678±40 K and TDisp,13.5A=703±15 K
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for the dispenser and TFoil= 700±80 K for the foil (see section 4.1.3 for how the tempera-
tures were approximated) the percentage of capturable atoms is calculated by integrating
equation 2.11 to vc. The percentage of capturable atoms for the two dispenser setups is
plotted in figure 2.9. Due to the high temperatures only a small fraction of atoms can
be captured by the 2D-MOT. Only at intensities higher than I=40 mW/cm2 more than
1% for the 45◦ dispenser can be captured. For the foil dispenser only around 0.2% of
the atoms can be captured at this intensity.
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Figure 2.9: Percentage of capturable atoms for different temperatures with atom
velocity following the Maxwell-Boltzmann distribution for beam intensities from
I=1.25 mW/cm2 to I=80 mW/cm2. The inset is showing a zoom for intensities up
to I=10 mW/cm2. The error is due to the uncertainty in the temperature determina-
tion.
Knowing the number of atoms emitted per second from the dispenser it is possible to
determine number of atoms captured per second from the 2D-MOT. In section 4.1.3 the
number of emitted atoms was estimated to (7.6+2.3−4) ·1012 atoms/s and (2.7+0.8−
1.4) · 1013 atoms/s for a current of 12.5 A and 13.5 A respectively. Out of these atoms
2.5% and 0.2% for the 45◦ and foil dispenser respectively will pass through the capture
region of the 2D-MOT. Combining these numbers I can give an estimate of the number of
Laser Cooling and Trapping of Strontium 41
atoms captured per second in the 2D-MOT. Assuming a 100% transfer rate of captured
atoms in the 2D-MOT to the 3D-MOT the flux of the 2D-MOT can be calculated.
Figure 2.10 shows the estimated flux of the 2D-MOT for the two configurations and
dispenser currents of 12.5 A and 13.5 A.
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Figure 2.10: Estimated flux of the 2D-MOT with dispenser and foil perpendicular to
2D-MOT axis for beam intensities from I=1.25 mW/cm2 to I=40 mW/cm2
For the expected laser intensity of I=5 mW/cm2 the flux of the 2D-MOT is estimated
to 2.4 ± 1 · 108 atoms/s and 8.2 ± 2.5 · 108 atoms/s for a current of 12.5 A and 13.5 A
respectively for the 45◦ dispenser. For the foil dispenser a flux of 3.5 ± 1.2 · 105 and
1.2 ± 0.4 · 106 respectively is estimated. With an increase of the laser intensity to
I=40 mW/cm2, close to the saturation intensity, and a dispenser current of 13.5 A the
flux is estimated to increase to 7.3 ± 2 · 109 atoms/s and 6.5 ± 2.2 · 106 atoms/s for
the 45◦ and foil dispenser respectively. Compared to a typical reported flux between
8 · 108 and 4 · 1010 atoms/s [9, 86, 87] for experiments using Zeeman-slowers, a 2D-MOT
configuration can deliver a similar order of magnitude of atomic flux with enough laser
intensity. But the simulation shows that a high laser power is vital to achieve a high
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flux of atoms.
Our current setup (as described in chapter 4), which was planned and manufactured
at the very beginning of my thesis, has the foil dispenser installed. The far simpler
simulations carried out then, partly during my diploma thesis [89], did not show the
potential three order of magnitude increase for the other 45◦ dispenser configuration.
Due to the expected significant increase in flux from a 45◦ dispenser setup, plans are
currently made to install such a dispenser in our current setup.
Chapter 3
Mobile Laser Systems
A novelty of the experiment is the mobility of the setup. Normal setups in quantum
optics field are on large, stable optical tables and it would takes months to move the
setup to a new location. In this experiment we are using a modular design. All the
optics are tailor made and have been designed for maximum robustness, allowing the
setup to be transported to different locations.
Most of the lasers and optics are in functional modules which are connected via fibres.
This allows for individual modules to be replaced. These can be replacements for broken
modules, if a spare one was built or upgraded modules. For example if a 461 nm laser
source with more power is available, it can easily replace the existing frequency doubling
module.
For the pre cooling and trapping in the 2D- and 3D-MOT a total of eight modules were
built. This chapter will give an overview of these modules, highlighting the special needs
for a transportable system and analyse the operational characteristics of these modules.
An overview of the assembled modules can be seen in figure 3.1.
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Figure 3.1: Simplified schematic overview of the major laser modules used in this
experiment. Waveplates before polarizing beam splitters and fibres as well as some
mirrors are omitted for a better overview. The double pass setup of the AOMs is
simplified. The thickness of the fibres outside the modules is an indication of the power
transported in them.
922 nm Master Laser Module: This module delivers stabilized laser light at a wave-
length of 922 nm. The laser light is generated by an ECDL (Extended Cavity Diode
Laser) in a Littrow [90] configuration (See section 3.3.3).
Pre Tapered Amplifier Module: In this module the 922 nm laser light is amplified
to have enough seeding power for the tapered amplifier (Section 3.3.4)
Tapered Amplifier and Frequency Doubling Module: In this module the 922 nm
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laser light is amplified up to 1.5 W and frequency doubled to 461 nm with a
maximum power of 300 mW. It is then split into two outputs (See section 3.3.5).
2D Module: In this module the light of the blue cooling laser is frequency adjusted
to the correct resonance. The light for the ”Pushing Beam” and detection is split
from the cooling light and is also frequency adjusted. The cooling light can be
overlayed with the two repumpers and can be split to up to four outputs (See
section 3.5).
3D Module: In this module the blue cooling light is frequency adjusted and can be
overlayed with the two repumpers and the red cooling light, which is not yet
implemented. This light is then split onto six outputs (See section 3.5).
Repumping Laser 707 nm and 679 nm Module: These modules deliver stabilized
laser light at a wavelength of 707 nm and 679 nm for repumping the strontium
atoms. The laser light is generated by an ECDL (Extended Cavity Diode Laser)
in a Littrow [90] configuration (See section 3.4).
Spectroscopy Module for Blue Laser: This module has a spectroscopy cell for sta-
bilizing the cooling lasers on the atomic transitions (See section 3.3.6).
Spectroscopy Module for 707 nm and 679 nm Repumping Lasers: This mod-
ule has a spectroscopy cell for stabilizing the repumping lasers on the atomic
transitions. Due to the repumping states not being reached by the ground state,
a gas discharge is included (See section 3.4.1).
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3.1 Optical components
For this experiment a new range of optical component mounts is being used, having
improved stability and a smaller size than commercially available equipment. We are
utilizing the experience gained from other experiments of our group, which have been
designed for example for the drop tower at ZARM, Bremen, Germany [91]. A selection
of optical components used in this experiment are shown in figure 3.2. The main char-
acteristic of our system is the modular design. All laser systems are built in functional
modules. This allows for an easy transport, since these robust modules can be stacked.
Most modules consist of a 20 mm thick aluminium baseplate in which the optical com-
ponents are screwed. The optical components themselves are designed in a rigid way,
for example the mirror mounts have locking screws to fix the beam alignment.
Adjustable
Mirror Mount
Adjustable
Grating Mount
Beam Blocker Polarizing Beam
Splitter Mount
Waveplate
Mount
Tapered Amplifier
Mount
Figure 3.2: Schematic overview of a selection of optical components used in this
experiment
3.1.1 Acousto-Optic Modulator
To provide the detuned frequencies for various parts of the experiment from one laser
acousto-optic modulators (AOMs) are used. By phonon-photon interaction AOMs can
detune the frequencies of lasers ranging from tens of MHz to GHz. The AOMs used
in this experiment1 have a centre frequency of 80 MHz and a bandwidth of ±20 MHz.
Figure 3.3 is showing the typical detuning of the 461 nm laser for the spectroscopy,
1Crystal Technologies 3080-125, centre frequency 80 MHz, active aperture 2 µm, wavelength 442-
850 nm
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3D-MOT, 2D-MOT and a pushing or detection beam. The frequencies in the individual
modules are red detuned from the main blue laser frequency. In the example the AOM
in the spectroscopy module is set at 76 MHz and double passed, which will be described
in detail further below, detuning the laser by -152 MHz. The AOM in the 3D module
is set at 86 MHz and double passed, resulting in a red detuning of the laser beams of
-20 MHz, with respect to the atomic transition. With the bandwidth of ±20 MHz a
maximum detuning difference of 80 MHz can be achieved.
ν
461nm Laser
Frequency
Spectroscopy 
AOM: 2x76 MHz
3D-MOT
2x86 MHz
2D-MOT
2x78MHz
Pushing/Detection
2x76MHz
0 MHz
-20 MHz
-4 MHz
0 MHz
Strontium
Transition
Figure 3.3: Exemplary overview of detuning frequencies for various parts of the blue
laser. The AOMs are running in a double pass configuration at the shown frequencies.
The laser is running at 2x76 MHz blue detuned from the atomic transition. For the
3D-MOT the laser is 2x86 MHz red detuned to achieve a detuning of 20 MHz and for
the 2D-MOT the laser is 4 MHz red detuned.
To have a wider tuning range and maintain good fibre coupling efficiency while detuning
a double-pass setup for the AOMs was chosen. This comes at the cost of less efficiency.
In a single-pass efficiencies of up to 90% can be achieved.
Figure 3.4: Schematic overview of double pass setup for AOMs. The beam enters
through a PBS, gets diffracted in the AOM, the ±1st order is ”collimated” by the lens
and focussed onto the mirror. Due to the lens the beam will take exactly same path
back.
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The double pass AOM is setup in the cats eye configuration, allowing for almost no
beam shift while changing the detuning. For this setup a lens is placed at its focal
length behind the AOM and a mirror is placed at the same distance behind the lens
(see figure 3.4). Due to the lens being at the focal length the ±1st order beam will be
parallel to the 0th order and a change in detuning will only result in a shift of the beam.
Because the lens will focus the beam, the reflecting mirror is placed at the focal length
of the lens. The reflected light will now be recollimated on the return path. A change
in detuning frequency will cause a change in the angle of the ±1st order beam, which
would cause a shift of the beam in a single pass AOM setup. Because the lens is placed
at the focal length after the AOM, the reflected light on the mirror is shifted but will
always be reflected to the same position in the AOM. The λ4 wave plate turns the linear
polarisation of the beam by pi2 to separate the detuned beam from the incoming beam
at the polarizing beam splitter (PBS). Typical efficiencies of 60-65%, measured before
and after the PBS, are achieved in our setup.
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Fibre coupling efficiency after double pass AOM
Figure 3.5: Coupling efficiency into a fibre after a double pass AOM. AOM centre
frequency at 80 MHz. The system is optimized for 87.5 MHz and the fibre is about
50 cm after the AOM. Efficiency is defined as the power after fibre divided by the power
before fibre. Error is from the uncertainty of the power meter.
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In figure 3.5 the coupling into a fibre in the 3D module is plotted against the detuning.
The AOM is tuned to a frequency of 87.5 MHz and the fibre coupling was optimized at
this frequency. The fibre is at a distance of 0.5m after the AOM. Over a 15 MHz range
the coupling efficiency is nearly constant allowing the required flexibility in changing the
frequency without loosing coupling efficiency. The drop in efficiency after 92 MHz can
be accounted for by the AOM reaching the limit of its bandwidth combined with a not
compensated shift of the laser beam.
3.2 Blue Laser Systems evaluation
Strontium offers many advantages for an optical clock. The accessibility of most tran-
sitions by diode lasers reduces the complexity of an optical clock setup. Yet the main
cooling transitions at 461 nm was only accessible by frequency doubling from diode lasers
until recently. During my studies I have constructed and investigated four laser systems
on their suitability for a mobile optical clock. A frequency doubling system using a
cavity was built with improved cavity design for a mobile system. Another system with
a fully fibre integrated waveguide was built. Furthermore two commercial systems, one
also with a fibre coupled waveguide and another one with a newly developed laser diode,
were tested on their suitability for a mobile setup.
3.2.1 Fully Fibre Integrated Waveguide Frequency Doubling
For the requirements of a mobile system I have designed and built a frequency doubling
system using a waveguide in a PPKTP crystal with attached fibres at both ends. The
setup allows for a very robust, stable and compact system, which does not require any
realignment.
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Figure 3.6: View of the PPKTP waveguide crystal showing the waveguides near an
edge
Due to the quadratic dependence on intensity of frequency doubling in crystals such
as KTP(see section 3.3.1), high fundamental intensities are required to achieve good
conversion efficiencies. An effective way to achieve such constant high intensities is the
use of waveguides. Stress centres are burned into crystal using a pulsed femto-second
laser. The stress causes a change in the refractive index, allowing the light to be guided
along the waveguide. The fundamental and frequency doubled light is guided in a 4 µm
wide channel. As can be seen in figure 3.6 our PPKTP crystal has 8x7 waveguides
written in it, allowing us to choose the one with the best efficiency.
Figure 3.7: The PPKTP waveguide
crystal with the attached input fibre
The crystal has fibres attached to the input and
output, which do not require any realignment af-
ter the initial glueing. The high intensities of the
light in the transition between fibre and waveg-
uide made it necessary to develop a special glue-
ing technique, which firmly attaches the fibres
without creeping between fibre and crystal. A
poly methyl methacrylate (PMMA) based glue
was used. In the glueing process the glue was
heated, making it viscous enough to creep around the contact point, but not viscous
enough to creep between fibre and crystal. For efficient coupling between fibres and
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waveguide the mode field diameters are matched. Further information on the glueing
process, the testing of different glues, fibre mode matching and the attachment of the
input fibre can be found in my diploma thesis [89].
The main limitation of this system is the power intensity in the waveguide. Any defect in
the crystal, such as F-Centres, cause an absorption of the light leading to the destruction
of the waveguide if the power is too high.
A blue power of up to 15 mW was achieved with this setup, giving enough power for
auxiliary tasks such as spectroscopy. But this is not enough to operate the 2D-MOT,
with its high power requirements (see section 2.2.1). Further advancements in the process
of writing the waveguides or different types of crystal might allow for higher powers in
the future. Combining potential future higher output powers with the use of several
waveguides operated in parallel might allow for a system with sufficient power in the
future.
3.2.2 Commercial Fibre Coupled Waveguide Frequency Doubling
Figure 3.8: Commercial fibre coupled
frequency doubler from NTT
This commercial waveguide system from NTT
has a waveguide crystal for frequency doubling.
The input coupling to the waveguide from a po-
larization maintaining fibre is integrated into the
housing. The output of the waveguide is in free
space and needs to be coupled into a fibre if re-
quired. The housing also has a temperature con-
trol included.
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This system is a compact and robust design, allowing up to 50 mW of blue light genera-
tion (manufacturer specification). During the initial testing it showed that this relatively
new system still requires additional work for component stability. A drop in the output
power by 2/3 was observed.
This system shows promising potential as it can deliver sufficient power to operate parts
of the experiment, like the 3D-MOT, and is also very compact. But the power is not
sufficient to optimally operate the 2D-MOT. Again having multiple systems in parallel
might allow for a system with sufficient power.
3.2.3 Commercial Extended Cavity Diode Laser
Only recently laser diodes have become available at our required wavelength of 461 nm.
This laser is the first known commercially available extended cavity diode laser for our
required wavelength. It currently offers a power of up to 40 mW. Having laser diodes
directly available greatly reduces the complexity and size of the laser setup.
Figure 3.9: Newport tunable diode
laser for 461 nm
The laser was tested as part of a fourth year
project to design an alternative spectroscopy
setup (see section 3.3.6). With the large mode-
hop free tuning range of 25 GHz no working time
was lost readjusting the laser. The laser also
showed a very low drift, with the spectroscopy
signal only occasionally being lost after a night.
To determine the linewidth the laser was beat
with the cavity frequency doubling laser (section 3.2.4) by overlaying the two beams on
a photo diode and measuring the width of the beat frequency on a spectrum analyser.
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If the lasers have a similar linewidth the measured half width half maximum (HWHM)
of the beat signal will be the linewidth of one laser. If one laser has a significantly larger
linewidth that linewidth is resolved. Since both lasers are in an ECDL setup in Littrow
configuration a similar linewidth is expected for both lasers. Both lasers were locked
to the strontium transition, where the cavity doubled laser was offset 40 MHz from the
transition by two AOMs. Additional frequency shifts between the lasers were due to an
offset caused by the spectroscopy (see section 3.3.6). The beat measurement is shown in
figure 3.10 with the centre frequency being at 56.6 MHz. The measurement was taken
with a resolution of 200 kHz and being averaged over 500 measurement cycles. The peak
at 10 MHz can be attributed to the modulation frequency of the Newport laser for the
spectroscopy. The peak at 86 MHz is the doubled modulation frequency of the cavity
doubled laser. The peak at 38 MHz is of unknown origin. The large central peak ranging
from about 40 MHz to 80 MHz is the actual beat frequency of the two lasers. The central
peak has a FWHM of less than 400 kHz. This is in good agreement with the quoted
200 kHz linewidth for the Newport laser, which suggests that the cavity doubled laser has
a similar linewidth. But the central peak is only resolved by a single measurement point.
If a Lorentzian is fitted to the data, as is shown in figure 3.10, a FWHM of 4.2 MHz
is measured. Suggesting a linewidth of up to 4 MHz. This is considerably larger than
the typical linewidth of an ECDL laser of <1 MHz [92]. Further investigations would
be required to determine the actual linewidth of the laser. Due to the limited loan time
of the laser, no additional beat measurements were taken to verify the accuracy of the
data.
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Figure 3.10: Beat measurement of the locked Newport and cavity frequency doubled
laser. The peak at 10 MHz can be attributed to the modulation frequency of the
Newport laser for the spectroscopy. The peak at 86 MHz is the doubled modulation
frequency of the cavity doubled laser. The peak at 38 MHz is of unknown origin. The
central peak has a FWHM of <400 kHz and the fitted Lorentzian has a FWHM of
4.2 MHz.
3.2.4 Monolithic Cavity Frequency Doubling
For the blue laser light generation I have designed and built a frequency doubling laser
system which can produce up to 300 mW of blue light. This system uses a cavity
to increase the intensity of the fundamental light for efficient conversion. A detailed
description and evaluation of the system is given in section 3.3.
This system uses a monolithic cavity design to enable a more stable cavity and easier
transportability. Most of the current cavity frequency doubling systems use mirrors to
form the cavity. This allows for a quick and easy setup, but due to the many moveable
parts, requires constant (typically weekly) readjustment. Our system has proven to be
stable and even after months only a slight decay of the blue power is visible. With the
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robust design of the modules and cavity proving to be very stable this system is well
suited to be transported.
3.2.5 Summary
Out of the four tested laser systems, currently only the cavity frequency doubled laser
offers enough blue power to operate a strontium atomic optical clock with a 2D-MOT.
Although other systems, especially the fully fibre integrated waveguide, would be more
suitable for a mobile system, they currently cannot offer a sufficient amount of power.
The biggest improvements are expected in the development of the laser diodes. The first
diodes available two years ago had a power of 5 mW and have now reached 40 mW.
3.3 461 nm Laser
Laser cooling strontium requires laser light at a wavelength of 460.8 nm. Usually Ti-
Sapphire lasers are frequency doubled in stationary experiments [93, 94], as these offer
powers in the region of a few watts and have proven very reliable, but they are not
easily transportable and expensive systems. Alternatively a MOPA (Master Oscillator
Power Amplifier) system can be used. These systems can be built to be very robust and
compact.
In section 3.3.1 the theoretical background for frequency doubling in a non linear crystal
will be introduced. Section 3.3.2 will show the design and stability calculations for the
cavity. And in section 3.3.5 the design of the final frequency doubling module will be
shown. The operational characteristics will be discussed in section 3.3.5 and finally the
spectroscopy on strontium for locking the laser will be shown in section 3.3.6.
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3.3.1 Frequency Doubling Theory
Frequency doubling in a crystal is a non-linear phenomenon. It is non-linear in a sense
that the response of the system behaves in a non-linear manner to the strength of the
inducing light field. For example second-harmonic generation occurs as a result of the
atomic response that scales quadratically with the applied optical field. Consequently,
the intensity of the generated light has a square dependence on the intensity of the
applied optical field.
In order to describe non-linear effects let us consider electromagnetic radiation passing
through matter. The electric field will lead to a periodical polarization of the electrons
in the material. At small intensities the polarization will be small and behave like a
harmonic oscillator.
At low intensities or in linear optics the dipole moment per unit volume, the polarization
P (t), depends linearly on the electric field strength E(t) [95]:
P (t) = 0χ
(1) · E(t) (3.1)
Where χ(1) is known as the linear susceptibility and 0 is the permittivity of free space.
For larger field intensities or in non-linear optics, the optical response can be described
by generalizing equation 3.1. The polarization can be expressed as a power series in the
field strength:
P (t) = 0(χ
(1) · E(t) + χ(2) · E2(t) + χ(3) · E3(t) + . . .) (3.2)
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Where χ(2) and χ(3) are known as second- and third-order non-linear optical suscepti-
bilities, respectively.
The non-linear effects can be visualized by looking at the polarization of an atom. At
small intensities the amplitude will be small and the potential of the retaining force can
be approximated by a parabola. The retaining force is the derivative of its potential. At
small amplitudes the force will grow linearly. For bigger amplitudes the potential cannot
be approximated by a parabola any more, thus the retaining force will have non-linear
components.
The propagation of light through non-linear media can be described by the wave equa-
tion. This can be deduced from Maxwell’s equations:
∇ ·D = ρ (3.3)
∇ ·B = 0 (3.4)
∇×E = −∂B
∂t
(3.5)
∇×H = ∂D
∂t
+ J (3.6)
Our primary focus is for solutions of the equation in regions of space containing no free
charges:
ρ = 0
and also no currents:
J = 0
We are also assuming non magnetic material:
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H =
1
µ0
B
However we do need a non-linearity in the medium, in the sense that the fields D and
E are related:
D = 0E+P
Now we can derive the optical wave equation in the usual manner. We take the curl
of equation 3.5, interchange the order of the space and time derivative and use the
simplifications resulting in:
∇2E− µ0∂
2D
∂t2
= 0 (3.7)
For simplification we can decompose the electrical displacement field into its linear and
non-linear part:
D = 0E+P = 0E+P
(1) +PNL = D(1) +PNL
where D(1) and PNL are the linear and non-linear part, respectively. In terms of these
quantities the wave equation (eq 3.7) can be written as:
∇2E− µ0∂
2D(1)
∂t2
= µ0
∂2PNL
∂t2
(3.8)
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If we consider the case of a lossless, dispersionless medium, we can express the relation
between D(1) and E in terms of a real, frequency independent dielectric tensor r:
D(1) = 0
(1)
r E (3.9)
In the case of an isotropic medium this relation reduces to:
D(1) = 0
(1)
r E (3.10)
where 
(1)
r is a scalar quantity and the dimensionless, relative permittivity. For the case
of an isotropic, dispersionless material, the wave equation 3.8 becomes:
∇2E− 
(1)
r
c2
∂2D(1)
∂t2
=
1
0c2
∂2PNL
∂t2
(3.11)
using c =
√
µ00.
Equation 3.11 has the form of an inhomogeneous wave equation. The time dependent
non-linear polarization term on the right hand side of the equation can be seen as a
source for new components of the electromagnetic field. Without this term solutions to
equation 3.11 would be plane waves in a medium with an index of refraction n.
In non-linear media a wide range of effects can be observed. Important examples are:
frequency doubling (second harmonic), frequency tripling, sum- and difference-frequency
generation, self focussing, etc.
The effect important to us is the second harmonic generation. To understand this effect
we will look at the electrical field of the pump laser:
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E(t) = E · eiωt + E∗ · e−iωt (3.12)
For a crystal with non negligible second-order non-linear optical susceptibilities χ(2),
the term relevant for second harmonic generation, the second order polarisation can be
written as (using equation 3.2 & 3.12):
P (2)(t) = χ(2) · E2(t)
P (2)(t) = 2χ(2)EE∗ + (χ(2)E2e−i2ωt + χ(2)E2ei2ωt) (3.13)
As can be seen in equation 3.13 the second order polarization depends on a constant
term and a term at the second harmonic frequency. Inserted into the wave equation
3.11, it can be seen that the second term in equation 3.13 generates an electro optical
wave at the second harmonic frequency.
The fundamental and the second harmonic wave will have a certain phase relation in
the crystal:
∆k = k2 − 2k1 (3.14)
where k1 and k2 are the wavevectors of the fundamental and second-harmonic wave,
respectively. For the generated wave to be able to extract energy most efficiently from
the incident wave the phases of the two need to match, meaning ∆k = 0. When this
condition is fulfilled the generated wave maintains a fixed phase relation with respect to
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the non linear polarization and the amplitude of the second harmonic frequency grows
linearly with the crystal length, and consequently the intensity grows quadratically.
For the wavevectors of both waves to match the refractive indices have to be the same:
nω = n2ω (3.15)
Since the condition 3.15 is usually not fulfilled in isotropic media, birefringent media
are usually used to achieve this phase matching. This uses the property of them having
different refractive indices for different crystal axis. In combination with the fact that the
second harmonic wave is emitted orthogonally to the fundamental wave phase matching
can be achieved.
There are three common possibilities to achieve phase matching:
- critical phase matching: In this case the crystal axis is chosen in such a way, that
the refractive indices for both beams are the same.
- non critical phase matching: Since the refractive index changes differently with
temperature for both beams, the crystals temperature is adjusted to a point, where
both refractive indices are the same. Temperatures of a few hundred degrees are
typically required.
- periodically poled crystals: In these crystals the ferroelectric effect is being used.
By applying an electric field, the spontaneous polarization deff can be changed. If
the electric field is applied at a period of twice the coherence length a quasi phase
matching is achieved. Then, when the field amplitude of the second harmonic wave
is about to begin to decrease due to the wavevector mismatch, the sign of deff is
reversed and the field amplitude begins to grow monotonically.
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Figure 3.11: Example diagram of conversion efficiency for phase matching ηPM , quasi
phase matching ηQPM and no phase matching ηNPM in a non-linear crystal. Image
reproduced from [96].
At quasi phase matching it is possible to have a positive energy flow from the pump-
to the signal-wave throughout the entire crystal, although condition 3.15 is not fulfilled.
When the phase difference between the pump- to the signal-wave is lower than 180◦,
there is a positive energy flow. Above 180◦ the energy is transferred back to the pump-
wave. The length in which a phase difference between the waves is reached is called the
coherence length lc. At a periodic poling of the crystal at the coherence length, a constant
energy transfer into the signal-wave is achieved. A schematic intensity characteristic of
the signal-wave in a phase matched, quasi phase matched and non phase matched crystal
is shown in figure 3.11. Further advantages of quasi phase matching are that the crystal
axes with the largest conversion factor can be chosen and that no high temperatures are
being required.
Using equations 3.11 and 3.13 the expected conversion efficiency in a non linear crystal
can be calculated. A full discussion of the derivation can be found in [95]. I shall present
the derived formulae for the conversion of the fundamental power to the second harmonic
power along the crystal.
The amplitudes of the fundamental u1 and second harmonic u2 wave along the crystal
for optimum phase matching is given by:
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u1(ζ) = sech(ζ) (3.16) u2(ζ) = tanh(ζ) (3.17)
With ζ being a normalized distance parameter, defined as follows:
ζ =
z
l
(3.18)
With z being the position along the crystal and l is the characteristic distance over which
the fields exchange energy. For the case in which only the fundamental field is present
at z=0, which is true for our frequency doubling, the length parameter l is given by:
l =
√
n1n2λ1
4pideff |A1(0)| (3.19)
With A1(0) being the field amplitude, which can be brought into relation with the
intensity as follows:
I1 =
P
piω20
= 2n10cA
2
1 (3.20)
Where P is the power of the pump beam and ω0 is the waist of the beam in the centre
of the crystal. Here we are assuming a constant intensity distribution of the beam
and a non diverging beam. Combining equations 3.18 to 3.20 the normalized distance
parameter ζ can be written as:
ζ =
2deffL
n1λω0
·

2piP
n20c
(3.21)
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We can now define the conversion efficiency η as the power in the second harmonic
beam, as defined in equation 3.17, at the end of the crystal divided by the power of the
fundamental beam, as defined in equation 3.16, at the beginning of the crystal.
η =
u22(L)
u21(0)
(3.22)
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Figure 3.12: Theoretical conversion efficiency
Figure 3.12 shows an estimate of the conversion efficiency for the crystal used in this
experiment and the expected frequency doubled power. As parameters the following
values were used: for the crystal length L=20 mm, the refractive indices for potassium
titanyl phosphate (KTP) are nz,922nm=1.836 and nz,461nm=1.918, the waist ω0=42 µm
and the effective non-linear coefficient for KTP was taken from [97] to be deff = 9.5 ·
10−12. In first order approximation the conversion efficiency will increase linearly with
the fundamental power, leading to a quadratic dependence of the second harmonic power.
The low single pass efficiency and the quadratic dependence show the need for a cavity
to gain good conversion efficiencies. The estimation presented here can only be seen as
an approximation of the expected conversion efficiencies, due to the assumptions of an
optimum phase matching, constant beam intensity and non diverging beam taken here.
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3.3.2 Cavity Design
As can be seen in equation 3.13 in section 3.3.1 the conversion efficiency depends quadrat-
ically on the fundamental power. Since most of the pump is not converted in a single
pass the pump power needs to be recycled for good conversion efficiencies. This can be
achieved by placing the doubling crystal in a cavity.
For the design of a cavity two characteristics play an important role: the waist of the
beam in the centre of the frequency doubling crystal and the transmission of the input
coupling mirror. Boyd and Kleinman [98] have considered how to optimally adjust
the focus of the incident laser beam to maximize second-harmonic conversion efficiency.
They find that the highest efficiency is obtained when the incident laser beam is focussed
at the centre of the crystal and L/b, a dimensionless longitudinal coordinate, describing
the ratio of the crystal length L to the confocal parameter b, is equal to 2.84, with the
confocal parameter b being:
b =
2piω20
λ/n
(3.23)
Following the proven design from [97] with a similar frequency doubling system the
same 20 mm long PPKTP crystal was chosen. With a fundamental wavelength of
921.7 nm and the refractive index nz,921.7 =1.836, the optimum waist can be calculated
as ωopt0 =23.6µm, which is independent of the incident power. At the expected second
harmonic power levels of hundreds of milliwatts thermal lensing was found to be a
serious issue in a KTP crystal [99, 100], with the main limitation on their power scaling
were strong thermal lensing effects due to blue absorption. This strong limitation arose
from the tight focussing used in the cited esperiments (with ω0 =17 µm, being their
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optimum focussing) and the associated thermal lens power scaling as ω−20 [100]. To
avoid thermal lensing issues and following calculations in [97] a larger waist of nearly
double the optimum of ω0 =43 µm was chosen, which still achieves nearly optimum
conversion efficiency but only a quarter of the thermal lensing effects are expected.
The other important parameter is the transmission of the input coupling mirror T1. The
power coupled into the cavity needs to match the losses, mainly due to the frequency
conversion, in the cavity. Considering the internal circulation fundamental power Pc in
the cavity at zero cavity detuning [97, 101, 102]:
Pc
P inω
=
T1
[1−(1− T1)(1− ε)(1− ΓPc)]2 (3.24)
Where  is the distributed round-trip fractional loss (excluding T1) and Γ, expressed in
W−1, is the depletion due to non linear effects. With Γ, which depends on the crystal
length and the focussing,  ,and the maximum available mode matched power P inω given,
equation 3.24 can be optimized against T1:
T opt1 =

2
+
 
2
2
+ ΓP inω (3.25)
Since the values for  and Γ were not experimentally available while designing the cavity,
values from a very similar cavity design from [97] were taken to estimate the required
transmission T1 for our setup. The reported values were  =0.02 and Γ =0.023 W
−1.
With an available non mode matched power of 1.2 W (see section 3.3.4) and using the
measured coupling efficiency of 50-60% of a Tapered Amplifier into a fibre, which is ex-
pected to be similar to the coupling into the cavity, to estimate the mode matched power
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available to P inω =0.6 W. Using these values and equation 3.25 the optimum transmission
of the input coupling mirror can be estimated to T opt1 =12.8%.
Figure 3.13: Schematic overview of the cavity setup. Mode matching is done via a
two lens telescope and a focusing lens. Mirror M2 is mounted on a ring high voltage
PZT.
A schematic of the cavity in bow tie setup can be seen in figure 3.13. The mirrors M1
and M2 are plane mirrors and M3 and M4 have a radius of curvature of R=75 mm.
The beam waists are ω0 =43 µm and ω0 =161 µm in the crystal and at position d3
respectively. The folding angle of the ring resonator was chosen 11◦, giving a negligible
astigmatism introduced by the two off axis curved mirrors M3 and M4. All mirrors have
an anti-reflex coating for 461 nm and 922 nm on the outside. Mirrors M2 through M4
have an anti-reflex coating for 461 nm and a high reflectivity coating for 922 nm on
the inside where as mirror M1 has an anti-reflex coating for 461 nm and a measured
transmission of T1=15.5% for 922 nm. Due to production uncertainties the transmission
is not at T opt1 .
As the experiment is aimed at being transportable, a cavity design was devised, which
would be able to withstand a transport without causing major readjustment efforts.
Typically stable mirror mounts are used to keep the alignment of the cavity. Since
these setups require between weekly and monthly realignment, a more stable setup was
required. A monolithic cavity was designed, which would not require readjustment of
the cavity mirrors. The mirrors were glued2 onto the aluminium uni-body. To allow for
2JB-Weld
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initial alignment the mirrors M3 and M4 were suspended by a translation stage. The
translation of the curved mirrors along the surface of the cavity body corresponds to a
tilt of the mirror, thus allowing a stable cavity mode to be seen before the final glueing
of these mirrors. With the combination of a monolithic cavity and glued mirrors I was
able to significantly reduce the frequency of readjustment of the input beam to regain
the power to once a month or less.
Figure 3.14: Rendered image of the crystal mount. The plastic shielding is cut for
better visibility.
To allow for a small cavity size for easier portability a radius of curvature for mirrors
M3 and M4 of r=75 cm was chosen. A cavity length of 404mm was calculated to be
stable for these mirrors (see section Stability Calculations).
To house the crystal a special mount was designed. This mount needs to fulfil a range
of requirements:
• The crystal needs to be uniformly heated to temperatures up to 40◦C
• A good thermal contact between crystal and mount is required to allow quick
temperature adjustments
• The heating should be limited to only the crystal and not the surrounding cavity
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• The crystal needs to be adjustable along the x- and y-axis as well as tilted along
these axes
An image of the crystal mount fulfilling all of the above requirements is shown in figure
3.14. The crystal is placed in a groove 0.1 mm wider than the crystal and contacted
to the copper mount using thermal paste3. The temperature is controlled via a Peltier
element. A plastic shield (black in the image) with an aperture of 3 mm on either side
thermally insulates the crystal. The larger copper heat sink is screwed into the cavity
with four adjustable screws and four locking screws, allowing for spatial adjustment.
Stability Calculations
Only a certain range of distances between the curved mirrors for a given radius of
curvature produce a stable cavity. This section will show how a stable combination of
cavity size and mirror curvature for the required beam waist of about 45 µm was found.
The stability of a cavity can be calculated by using ray transfer matrix analysis. This
method uses ABCD-matrices to calculate whether the beam is being kept in the cavity
or is diverging.
For the bow tie cavity the matrix will be constructed in single steps. The three matrices
we need for this are:
Mp =
1 0
0 1
 (3.26) Matrix for a plane mirror
Mr(r) =
 1 0
−2/r 1
 (3.27) Matrix for spherical mirror
3Arctic Silver
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Td(d) =
1 d
0 1
 (3.28) Matrix for the translation of a
beam
Beginning in the centre of the crystal and going once around the bow tie cavity the
ABCD-matrix can be constructed (see figure 3.13 for explanation of variables):
M = T (d1) ·Mr(r1) · T (d2) ·Mp · T (d3) ·Mp · T (d4) ·Mr(r2) · T (d5) (3.29)
Matrix M describes the propagation of the light in the cavity. It can also be seen as
a series of thin lenses with focal length f=r/2 separated by the equivalent distance of
the cavity, which is known as the lens equivalent waveguide. Using ray transfer matrix
analysis the stability of the waveguide can be calculated. We need to find the light
rays travelling through the cavity or waveguide which will periodically refocus. Meaning
under what condition is the output of a section equal to the input multiplied by a
constant λ. With
x1
θ1
 representing the vector at the beginning of a period and
x2
θ2

the exit vector:
M
x1
θ1
 =
x2
θ2
 = λ
x1
θ1
 (3.30)
Which is nothing else than an eigenvalue equation:
[M− λI]
x1
θ1
 = 0 (3.31)
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where I is the 2x2 identity matrix. Using the usual process of solving the eigenvalue
equation with det[M− λI = 0] leads to the characteristic eigenvalue equation
λ2 − 2gλ+ 1 = 0 (3.32)
With the substitution being our stability parameter:
g
def≡ tr(M)
2
(3.33)
For the eigenvalues we find:
λ = g ±

g2 − 1 (3.34)
Now if we consider a ray after N passes through the system:
xN
θN
 = λN
x1
θ1
 (3.35)
For the cavity to be stable no light ray should deviate far from the axis, which means
that λN should not grow without limit. If we assume that g2 > 1 then both eigenvalues
are real. And since λ+λ− = 1, one of them has to be bigger than 1. This would imply
that the ray corresponding to that eigenvalue would not converge. Therefore g2 < 1 is
required for a stable cavity, implying that λ has to have an imaginary part.
With the portability in mind a radius of curvature of R=-75 mm was chosen, leading to a
smaller cavity size than the chosen R=-100 mm for a similar cavity [97]. For the smaller
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cavity we expect less misalignment due to external factors like temperature changes.
With a folding angle of 11◦, only a negligible astigmatism is expected. The distance
between the curved mirrors is 90 mm and 110 mm between the flat mirrors. The cavity
has a total length of 404 mm. For the designed cavity we get a stability parameter of
|g|=0.274, thus the cavity is stable.
3.3.3 Master Laser
The Master Laser delivers the seeding light for the Tapered Amplifier (see section 3.3.4).
The design of this laser is based on a similar design from my diploma thesis [89]. A
922 nm anti-reflex coated laser diode4 is used in an external cavity diode laser setup
(ECDL) in Littrow [90] configuration. The grating used has 1200 lines/mm and a
reflectivity of 20-30%. The cavity has a length of 3.5 cm. The beam is passed through
two optical isolators with an isolation of 38 dB each. Two isolators are used to suppress
any standing waves competing with the cavity mode and causing instabilities. With
only one isolator experience has shown that this might not be enough to fully suppress
instabilities.
Laserdiode
Collimation
lens Grating &
PZT
0th order
-1st order
Figure 3.15: Schematic setup of an extended cavity diode laser (ECDL) in Littrow
configuration
The Littrow configuration uses a grating as a wavelength selection and to form the laser
resonator, as can be seen in figure 3.15. Depending on the angle of the grating different
4Eagleyard EYP-RWE-0980
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wavelengths are reflected back into the laser diode via the minus first order. The light
is coupled out of the resonator via the zero order reflection.
ν 
Laser gain  
profile 
External cavity 
modes 
Laser diode 
cavity modes 
Adjust by PZT 
Adjust by current and temp. 
Grating 
spectrum 
Adjust by  
angle 
Figure 3.16: Illustration of competing modes in a laser cavity. Showing the overall
gain profile of the laser diode,the spectrum of the grating, the wide spaced modes of
the external cavity and the modes of a non anti reflex coated laser diode
The grating can be shifted via a piezoelectric transducer (PZT) on which it’s mounted,
allowing for changes in the resonator length. By combining the gain profile of the laser
diode crystal with the wavelength selection of the grating, the resonator mode with the
highest gain can be found, as illustrated in figure 3.16. This mode will be amplified
the most and suppress any other modes, thus define the frequency at which the laser is
emitting. The crystals of laser diodes built for extended cavity operation typically have
an anti reflection coating, to prevent additional competing modes. A non anti-reflex
coated crystal would act as a resonator itself, due to the reflectivity of the output facet.
These additional modes cause an unstable operation, with the combined modes of both
resonators, with the most amplification, not necessarily being at the desired frequency.
The lasing threshold for this diode is at 18 mA. At the recommended operational current
of 100 mA a power of 34 mW is achieved.
After the isolators the light is coupled into a polarization maintaining optical fibre. Up
to 65% coupling efficiency is achieved. At the typical operational current of 50-60 mA
a power of 9 mW is available after the fibre. As this is not sufficient to fully seed the
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Figure 3.17: Schematic overview of master laser module. The laser beam originates
from the laser diode, then gets diffracted from the grating, gets passed through two
optical isolators and then gets coupled into a fibre.
tapered amplifier an additional amplifier module is inserted (see section 3.3.4) to amplify
the power to the required 50 mW.
A currently still not explained effect can be seen when light is coupled into the frequency
doubling cavity. A cavity mode is only forming in small bands of operational current
for the laser diode (typically between 50-60 mA and 120-125 mA and a few 2 mA wide
regions in between). The suspected multi mode operation of the laser outside these
current regions was checked and has proven to be false.
3.3.4 Pre Tapered Amplifier Module
In the Tapered Amplifier (TA) Module the seeding light from the master laser (see section
3.3.3) is amplified to seed the Tapered Amplifier of the frequency doubling module for
maximum power. The light entering the module from a fibre is collimated to a beam
diameter of 0.9 mm and coupled into the amplifier using a f=3.5 mm lens. A maximum
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output power of 600 mW is achieved, which is limited by the seeding power of the master
laser.
Figure 3.18: Schematic overview of Tapered Amplifier module. The seeding light
enters the module at E1 and is coupled into the TA. An isolator afterwards prevents
damage from reflection. The light is then coupled into two fibres.
Due to different divergence angles in the horizontal and vertical plane (Θq=14
◦ and
Θ⊥=28◦ FWHM) and an astigmatism of 600 µm two lenses are used to collimate the
beam. Using an aspherical lens of f=2.75 mm and a cylindrical lens of f=40 mm the
beam is collimated to a diameter of 3 mm. To prevent damage to the Tapered Amplifier
from reflected light, an optical isolator5 with an isolation >35 dB is placed in the beam
path.
After the isolator, the beam is split into two beams and coupled into polarization main-
taining fibres. With a coupling efficiency of 50% typically 100 mW of light is needed to
seed the following Tapered Amplifier with its maximum seeding power of 50 mW.
The plot in figure 3.19 shows the output power of the Tapered Amplifier for currents
5Newport ISO-04-850-LP
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Figure 3.19: Output powers of tapered amplifier (TA) at initial installation for seeding
powers between 5 mW - 29 mW. The data points with 8.2 mW seeding power were
measured 4 years later. Errors are from the thermal power meter head uncertainty of
4%.
up to the recommended operational current of 3 A with seeding powers between 5 mW-
29 mW. Also shown is the output power four years after initial installation for a similar
seeding power of 8.2 mW. A decay in output efficiency after fours years of operation can
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Figure 3.20: Power coupled into fibre from TA at 3 A for a time period of 45 min.
Fibre coupling was optimized with TA at 1.5 A. The drop around 30 min is attributed
to a mode hop of the laser during this time.
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be seen. We expect that this is due to ageing of the crystal and misalignment of the
lens glued directly in front of the TA due to creeping of the glue.
In figure 3.20 the power after fibre A1 is plotted against time. The Tapered Amplifier
was operated a current of 3 A. The fibre coupling and the TA seeding were optimized
at the typical operational current of 1.5 A. The maximum power is reached after one
minute. Afterwards a steady decay of output power is visible. This decrease is caused
by thermal drifts in the system. The outside wall will be heated by the peltier element of
the TA. This non symmetric heating causes a thermal expansion of the material, which
slightly moves the TA. The drop between minute 28 and 37 is due to a mode hop of
the seeding laser during this time. This figure shows the importance of alignment of the
system at the intended operational current and seeding power.
3.3.5 Frequency doubling module
The fibre from the Tapered Amplifier Module (see section 3.3.4) arrives at Input 1 as
shown in figure 3.21. The beam is collimated with an f=7 mm lens to a diameter of
1.4 mm and coupled into the Tapered Amplifier (TA) using an f=3.1 mm lens. After
the TA the beam is collimated using the same aspherical and cylindrical lens as in the
Tapered Amplifier module (see section 3.3.4) and afterwards the diameter of the beam is
adjusted using a two lens telescope (see Beam collimation and mode matching paragraph
in this section). Preventing damage from reflections to the TA an optical isolator with
>30 dB isolation is installed. To imprint side-bands onto the laser light, which are
required to stabilize the cavity onto the laser light (see discussion on cavity operation in
this section), an Electro-Optical-Modulator (EOM) was installed. In the current setup
the current of the laser diode is directly modulated to imprint the sidebands, avoiding
loosing 5-10% of the optical power by going through the EOM with an anti-reflection
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coating for 780 nm. The beam is then focused into the cavity by a lens. The last two
mirrors before the cavity are mounted on commercial mirror mounts6, allowing an easier
and more precise alignment of the beam into the cavity.
The cavity itself is mounted on a peltier element to allow for temperature stabilisation of
the cavity. The temperature stabilisation is not yet active, since thermal observed drifts
are either negligible or compensated by the locking electronics. The 461 nm output of
the cavity is split into two beams and coupled into fibres at outputs 1 and 2.
Beam collimation and mode matching
To collimate the beam of the TA module, the same aspheric and cylindrical lenses
as described in section 3.3.4 were used. The beam was collimated at the predicted
operational current of 2.5 A. The collimation was done at the operational current to
account for the mode of the TA changing shape at different currents, as can be seen in
figure 3.22. In these figures the mode of the beam at 2.75 A is clearly not Gaussian.
The line of beams above the central beam are caused by diffraction of the aspheric lens
after the TA. The beam leaving the TA was not completely horizontal and thus the lens
had to be placed slightly off centred. Since the lens is only marginally larger than the
beam, this diffraction pattern is visible.
For coupling into the cavity a two lens telescope and a focussing lens are used. The
telescope reduces the waist of the beam from ω0||=840 µm and ω0⊥ >1360 µm to 440 µm
and 1120 µm respectively. The theoretical modelling of the cavity suggests a beam
waist of ω0=41 µ m in the crystal and ω0=162 µ m as a second waist. To check for
consistency with the experiment the beam waist behind mirror M2 was measured. It
was measured to be between ω0=162 µm and 170µm. The different values arise from
6Radient dyes MNI
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(a) Schematic overview of the frequency doubling module
(b) Photograph of the frequency doubling module with operational frequency dou-
bling
Figure 3.21: Schematic and photograph of the frequency doubling module. The
module is turned 180◦ for the second image.
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(a) TA current at 2.25 A (b) TA current at 2.75 A
Figure 3.22: Beam profile of Tapered Amplifier after the isolator for 2.25 A and
2.75 A current.
different beam expansion in the parallel and perpendicular plane, caused by a slight
astigmatism introduced from the curved mirrors M3 and M4. The measured beam waist
is in good agreement with the simulated value.
Cavity operation
For a stable continuous wave operation of the cavity an active electronic servo control
was installed. Mirror M2 is fitted on a piezoelectric actuator7 (PZT) to control the
length of the cavity. The Pound Drever Hall [103] locking technique was preferred over
the Ha¨nsch-Couillaud method, which was reported to fail when thermal effects arise
[99, 104].
The current of the 922 nm laser diode is modulated at a frequency of 45 MHz to impose
the required sidebands onto the laser, as can be seen in the schematic setup of the locking
electronics in figure 3.23. To be able to resolve the sidebands of the cavity resonances,
the sidebands should be further apart than the resonance width. With a FWHM of
the resonance of 17.6 MHz (see further below) a modulation frequency of 45 MHz was
7PI P-820.10, 15 µm travel, 50/10 N push-/pull-force
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Figure 3.23: Schematic overview of electronic setup for locking the cavity
chosen. This large value is due to compatibility reasons with the locking electronics for
the strontium spectroscopy (see section 3.3.6), where a modulation frequency of 45 MHz
was implemented.
In the frequency doubling module, an EOM crystal can also be installed. Since no am-
plitude modulations from the direct modulation of the laser were visible when switching
between the methods, the direct modulation is preferred, due to a loss of 5-10% of the
light in the EOM. The cavity features are being picked up by a RF-photodiode, which
is placed in the reflected beam of the input mirror. This signal is demodulated in the
mixer and an error signal is produced. A low pass filter of 2.5 MHz filters any residual
amplitude from the modulation signal. The servo signal produced in the PID-controller
from the error signal is amplified in the HV PZT amplifier and fed to the PZT correcting
for any phase changes. All electronics used were designed, tested and built within our
research group.
With the final cavity dimensions yielding a cavity length of 404 mm (see section 3.3.2),
the frequency spacing of the cavity’s axial resonator modes, the free spectral range
(FSR), can be calculated as:
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Figure 3.24: Scan of the intensity of the reflected light over two cavity resonances.
X-axis is calibrated using the known free spectral range (FSR) of 712 MHz
FSR =
c
d
(3.36)
Where c is the speed of light and d is the round trip length of the cavity. This yields
a free spectral range of FSR=0.742 GHz in the absence of the crystal. If the crystal is
installed in the cavity, the round trip length has to be altered accordingly:
FSRKTP =
c
d+ (nKTP − 1) · l (3.37)
Where nKTP is the refractive index of KTP along the direction of light propagation
and l is the length of the crystal. In our case l=20 mm and nKTP,z,922=1.84, which
gives a free spectral range of FSR=0.712 GHz with negligible errors due to very precise
machining of the length.
The finesse of a cavity is defined as the free spectral range divided by the FWHM band-
width of its resonances. It is fully determined by the resonator losses and is independent
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of the resonator length. The finesse can be calculated using the following formula:
F =
pi
2arcsin

1−√ρ
2 4
√
ρ
 ≈ pi
1−√ρ (3.38)
Where ρ is the fraction of the circulating power remaining after one round trip with no
incident light from outside the resonator. With a measured transmission for mirror M2
of 15.5±0.6 % and assuming the losses of the other mirrors are negligible a finesse of
F=39±1.6 is calculated in the absence of second harmonic conversion. The finesse was
measured in the cavity by tuning the temperature of the crystal far away from QPM
temperature. The trace of a cavity scan was recorded and the FWHM of a resonance
was measured to 17.6±0.7 MHz (see figure 3.24, main error contributions from the
determination of the maximum ±3% and the width ±2%). The measured finesse of
F exp=40.5±1.7 is in good agreement with the predicted result of F=39±1.6.
Second Harmonic Generation
During the operation of the cavity a peak output power of 300 mW at 461 nm was
achieved with a system conversion efficiency (non mode matched input power over blue
output power) of 25%. Previous adjustment settings only yielded a power of 140 mW,
with a careful readjustment of the telescope the higher powers were achieved. As can
be seen in figure 3.25 the system conversion efficiency reaches its maximum of 30%
between 450 mW and 800 mW of input power. From theoretical considerations (see
section 3.3.1) the conversion efficiency should increase linearly with the fundamental
power in the crystal. A nearly linear increase can be seen for the first measurement
points between 200 mW and 450 mW input power, but it does not seem to pass through
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the origin as would be expected. Further measurements at lower input powers would be
required to further investigate the trend towards the origin of the conversion efficiency.
As the input power increases the conversion efficiency rise becomes less, reaching a stable
value of 30% at 450 mW and slightly decreasing to 25% at the maximum input power.
We suspect a combination of many factors for this. Most likely many thermal effects
will contribute to a change in the beam alignment and mode matching. As can be seen
in the Pre-TA module (see section 3.3.4) when operating the Tapered Amplifier at high
currents, thermal drifts will cause shifts of the beam path. Also the mode of the Tapered
Amplifier output is dependant on the operating current as can be seen in section 3.3.5.
Also thermal lensing effects, although already being minimized by choosing a larger
waist, will still be visible.
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Figure 3.25: Blue: Measured cavity blue output power as a function of non mode
matched input power. Red line: Total system conversion efficiency (defined as output
power divided by non mode matched input power).
The achieved system conversion efficiency is lower than other reported efficiencies of
typically between 50%-60% [97, 105, 106]. Two main reasons are identified for the
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discrepancies to other projects. The main reason is the mode matching. Typically 40%-
47% of the input beam is coupled into the cavity, compared to typical mode matching
values of around 70% being reported in other experiments [97, 105, 106]. Further beam
shaping optics should be able to increase our coupling efficiency into the cavity. Due to
the modular setup of our system and not having planned for additional mode matching
optics in the design phase of this module, no space is left to include these. The second
reason was identified as being thermal lensing in the crystal, which will be discussed in
the following paragraph.
The conversion efficiency is defined as:
Γeff =
P2ω
P 2c
(3.39)
Where P2ω is the second harmonic power and Pc is the circulating intra cavity power.
As can be seen in figure 3.26 the conversion efficiency is nearly constant between 1.5 W
and 2.6 W, but decreases afterwards. The maximum value of Γeff = 2.1 · 10−2W−1 is
in good agreement with another strontium experiment using the same crystal [97]. But
the conversion efficiency should be a constant value for a specific crystal. This effect is
most likely caused by thermal lensing reducing the conversion efficiency as it gets more
dominant at higher intensities [97].
To determine the circulating power in the cavity, the 922 nm reflectivity of mirror M2
in the cavity was determined. A transmission of 0.07±0.005 % at 100 mW power on the
mirror was measured. A maximum circulating power of 4.5 W was achieved.
To achieve optimum phase matching the temperature of the crystal has to be adjusted
to match the wavelength. For the fundamental laser Frequency of ν = 325.25115 THz
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Figure 3.26: Measured effective crystal conversion efficiency as a function of circulat-
ing power in the cavity. Errors are from measurement accuracy of power meter.
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Figure 3.27: Measured crystal temperature for optimum conversion efficiency as a
function non mode matched cavity input power. Errors are from measurement accuracy
of power meter and uncertainty of thermistor. Thermistor has an absolute temperature
offset of up to 5%.
(measured by wavelength meter) for strontium the crystal is kept at a temperature of
RT /R25=0.93 (with R25 being the resistance of the thermistor at 25
◦C and RT the
resistance at the measured temperature) which is 26.6◦C for the typical operational
current of 2.25 A of the Tapered Amplifier. In figure 3.27 the temperature dependence
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on the input power for optimum conversion is plotted. These measurements were taken
in the same test series as figure 3.25. Here the laser was running at a frequency of
ν = 325.25115 THz ± 50 MHz. The temperature had to be decreased from T=27.4◦C
to T=26.4◦C for low power to maximum power operation. This can be explained by the
additional heating caused by the absorption of the fundamental and second harmonic
light in the crystal.
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Figure 3.28: Crystal temperature tuning curve. The temperature is measured in the
copper mount for the crystal. The TA was at the typical operational current of 2.25 A.
Measurement was taken from the peak outwards.
For the typical operational current of 2.25 A for the Tapered Amplifier the temperature
tuning curve measured internal to the cavity is shown in figure 3.28. The FWHM
temperature tuning bandwidth is ∆T=2 ◦C being almost a factor of two larger than
reported in [97] which are using a crystal from the same company. The reason for the
several side maxima as well as the larger temperature width are unknown. We suspect
our crystal has a lower quality in the periodicity in the periodic poling, causing several
side maxima in the conversion.
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3.3.6 Spectroscopy
Figure 3.29: Schematic overview of the Spectroscopy Module. The beam paths for
the blue 461 nm and the red 689 nm laser are shown. The blue light enters the module
on the bottom left, is then double passes through an AOM and is split into two beams.
One is modulated by am EOM, sent through the cell and is measured by a photo diode.
The other beam is guided around the cell and then overlayed in the cell. The red
689 nm laser is not yet implemented. The red light enters the module on the top left,
is split into two
To stabilise the 461 nm laser to the 1S0 to
1P1 transition (see section 2.1) in strontium,
a heated vapour cell is used. Strontium has a low vapour pressure compared to alkali
metals such as Rb. To reach a similar vapour pressure as Rb at room temperature
it needs to be heated to 600 K and even higher temperatures are required to reach a
suitable pressure for spectroscopy. The spectroscopy cell constructed for this experiment
has a built in oven. The oven consists of a metal tube in which 1-2 g of strontium are
kept. Surrounding that is a ceramic with a tantalum wire wound around it, used as a
heating source. Finally a thermal shield is fitted around the oven, which can be seen in
the centre of figure 3.29. The viewports are kept at a distance of 15 cm from the oven
to prevent coating with strontium.
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Figure 3.30: Schematic overview of locking electronics used to lock the 461 nm laser
to the 1S0 to
1P1 transition in strontium
The light entering the module is frequency shifted in a double pass AOM. Afterwards
the light is split into a probe and a pump beam. The side-bands of 45 MHz for the
FM-spectroscopy [103, 107] are modulated onto the probe beam by an electro optical
modulator (EOM). A schematic of the electronics used can be seen in figure 3.30. The
probe beam is sent through the cell and is focused onto a photo diode. The pump beam
is directed around the cell and counter propagates through the cell to achieve Doppler
free spectroscopy. A cube is used to overlay the beams in the spectroscopy cell.
The RF signal from the photo diode is fed back into the mixer, where the error signal is
extracted by a lock in amplifier. The error signal is filtered by a 2.5 MHz low pass filter
to filter out any residual 45 MHz modulation. The error signal is fed to the proportional,
integral and differential (PID) controller to produce a control current for the laser diode
and the PZT. In the fast path the PID control signal is generated to compensate any
rapid changes in the frequency of the laser. In the slow path only an integral control
signal with a longer integration time is generated and fed to the PZT to compensate for
drifts.
In figure 3.31 a plot of the error signal and the DC part of the transmitted beam are
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Figure 3.31: Blue line: Error signal for spectroscopy on the 1S0 to
1P1 line in stron-
tium showing features of the Doppler valley (large signal), 88Sr (centred signal) and
86Sr (small signal to the right of the centre). The frequency axis is calibrated by the
88Sr and 86Sr features. Red line: Absorbed light in strontium cell showing the Doppler
valley
shown. The Doppler Valley can be seen in this plot. A FWHM of 0.73 GHz of the
Doppler valley was measured. The Lamb Dip [108] for the Doppler free spectroscopy is
visible in the centre of the Doppler Valley. Three features are visible on the error signal.
The large slope is the spectroscopy actually resolving the Doppler Valley, this is believed
to be due to the large modulation frequency chosen here. The feature at the Lamb Dip
is the error signal of 88Sr, which we are locking to. A smaller feature on the right of the
centre is from 86Sr.
I have set up, in conjunction with a fourth year project, a second locking system using
modulation transfer spectroscopy. This system uses a dispenser as a strontium source
in a standard Conflat (CF) vacuum system, following the setup in [109]. This allows for
better transportability and easier reduction in size. In modulation transfer spectroscopy
the pump beam is modulated and the modulation is transferred only to the probe beam
if both beams interact with the same atom, meaning only atoms with zero relative
velocity to the beams will be visible. Due to this fact only the atomic feature is probed
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Figure 3.32: Schematic overview of locking electronics used to lock the 461 nm laser
to the 1S0 to
1P1 transition in strontium using modulation transfer spectroscopy
and not the Doppler valley as it was visible in frequency modulation spectroscopy. This
eliminated the drifting frequency offset caused by the resolved Doppler valley, which
was visible during a beat measurement with the 461 nm diode laser (see section 3.2.3).
The setup is shown in figure 3.32 illustrating the altered modulation setup and the new
vacuum system. A typical locking signal is shown in figure 3.33, with a feature from
86Sr also visible.
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Figure 3.33: Error signal for spectroscopy on the 1S0 to
1P1 line in strontium using
modulation transfer spectroscopy. The large feature if from 88Sr and the small one from
86Sr. The frequency axis is calibrated by these two features.
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3.4 Repumping modules
The main cooling transition of strontium is, as described in section 2.1, not fully closed.
Atoms can decay into a metastable state, limiting the atom numbers of the MOT. To
prevent this two repumping lasers are used.
I have designed and built two repumping modules. Both have an extended cavity diode
laser (ECDL) setup with an anti-reflex coated diode and a 1800 l/mm grating8 in the
common Littrow [90] configuration.
In the current version of the repumping modules anti-reflection (AR) coated laser diodes
at a wavelength of 679 nm9 and 707 nm10 are used. The laser diode is mounted on a
temperature stabilized mount in which the lens is glued to give a beam diameter of
1 mm. The 5x5 mm wide and 3 mm thick grating is mounted on a PZT11. Maximum
powers of 53 mW and 13.2 mW with a lasing threshold current of 32 mA and 38 mA are
achieved for the 707 nm and 679 nm diodes respectively, being well above the required
low powers in the lower mW range.
In a previous version of these modules non anti-reflex (AR) coated diodes were used,
which are available at a considerably lower price. The in section 3.3.3 described com-
petition of the modes required continuous, time consuming retuning of the laser. With
the new AR coated diodes the mode hop free range increased from around 100 MHz to
5 GHz, measured by observing the mode hops on the wavelength meter, and a consid-
erably lower drift is observed.
8Zeiss 263232xx91
9Laser 2000, SAL-0680-025, 60 mW original power, AR-coated
10Laser 2000, SAL-0705-020, 60 mW original power, AR-coated
11PI P-820.10, 15 µm travel, 50/10 N push-/pull-force
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(a) Schematic of the repumper module
(b) Photograph of the repumper module with drawn beam path
Figure 3.34: Schematic showing the laser path and optical elements of a repumping
module. The ECDL is thermally stabilised by an aluminium housing. Reflections back
into the laser diode are minimized by a faraday isolator. The beam is split up into two
paths, one for locking the other for 2D- and 3D-MOT. The laser can be passed through
a double pass AOM, if detuning is required, but they can be bypassed as they currently
are.
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The two modules have the same layout, except for a shifted mirror after the grating
to compensate for the slightly different angles. The ECDL setup is shielded by an
aluminium housing to further stabilize the laser from thermal and air fluctuation drifts.
After the grating the beam passes through a 35 dB optical isolator12, suppressing any
reflections back into the laser diode, which can act as additional competing modes. A
second isolator can be installed if the suppression of reflections from the first isolator is
not sufficient. The beam is then split into two paths.
The beams can each be sent through an AOM in double pass configuration, as described
in section 3.1. In the current setup the AOMs are bypassed, since no detuning is required.
A total efficiency, measuring the power before and after the PBS, of up to 65% is
achieved. The beams are then coupled into three fibres, one for the each of the MOTs
and one for spectroscopy.
3.4.1 Repumper Stabilisation
The repumpers can be operated without being stabilized to an external reference, but
their frequency will need to be readjusted after a certain time. The first installed non
anti-reflex coated laser diodes would stay at the required frequency from anywhere be-
tween 5 to 30 minutes. The new anti-reflex coated diodes show more stability, but still
require readjustment after 30-60 minutes. To avoid the constant readjustment of the
repumpers and have consistent parameters for the MOT operations, I devised a scheme
to lock the repumping lasers.
Up to now typically the repumping lasers for strontium were referenced to cavities for
stabilisation. In the scheme presented here, a direct stabilisation on the atomic transition
12OFR IO-3D-700-VLP
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(a) Schematic of the spectroscopy cell for the repumpers with dc discharge
(b) Photograph of the spectroscopy cell for the repumpers with dc discharge.
Figure 3.35: Schematic overview and photograph of the repumper spectroscopy mod-
ule. (a) Schematic overview of the repumper spectroscopy module. The electronics is
shown for the 707 nm laser. The electronics for the 679 nm laser is identical. The 10
MHz laser modulation for the FM-spectroscopy is achieved by directly modulating the
laser diode. (b) Photograph of the repumper spectroscopy module showing the beam
path. The discharge in the oven is visible by the purple and yellow colour.
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is possible. Since the repumping transitions are not directly accessible from the ground
state (see section 2.1), a dc discharge is used to populate the 3Pj states to allow for
spectroscopy of the repumping transitions. The module housing the components and
the spectroscopy cell have the same design as described in section 3.3.6 for the 461 nm
spectroscopy. To create the discharge an electrode is placed above the strontium oven.
The dc discharge ignites at a voltage of 300 V and a yellow to purple glowing is visible
in the spectroscopy cell, as is shown in figure 3.35. To generate a locking signal the same
FM-Modulation scheme and electronics as for the 461 nm laser are used.
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707 nm Repumper Error Signal
Figure 3.36: Error signal of 707 nm repumper laser. DC discharge in the oven is on.
When discharge is turned off this signal disappears.
Out of the two repumpers the 707 nm repumper shows a clear error signal, which is shown
in figure 3.36. The error signal is about 20 MHz wide, which is in the expected range,
since the linewidth of this transition is 7 MHz. This repumper has been successfully
in lock for several hours while operating the MOT. The 679 nm repumper has also
successfully been locked. Due to electronic noise of unknown origin on the signal from
the RF photo diode currently no usable error signal can be obtained.
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3.5 Distribution modules
To supply the 2D- and 3D-MOT with the laser beams, I have designed and built two dis-
tribution modules. These modules detune the blue laser, overlay it with the repumpers
and split the beams into the required number of outputs.
The 2D distribution module (see figure 3.37) supplies two fibres to the 2D-MOT as well
as one fibre each for pushing and detection beam. It has one input for the 461 nm laser
and two inputs for the repumping lasers. Part of the 461 nm beam is directly diverted
to a fibre output for the spectroscopy module. The other part of the beam is split in
a polarizing beam splitter (PBS) and the frequency of each beam is adjusted by two
AOMs. The beam for the 2D-MOT is overlayed with the two repumping beams using a
dichroic mirror and coupled into two fibres for the 2D-MOT. The other beam is again
split into two beams. One is the pushing beam for the 2D-MOT and the other one is
an optional detection beam for the 3D-MOT. They share the same AOM since they will
not be operational at the same time.
The double pass AOMs in this module have an efficiency of 60%, which is measured
as the power before and after the polarizing beam splitter (PBS). The fibre coupling
typically has an efficiency of 60%, being the power before and after the fibre. In total
this module offers a 33% efficiency, combining the AOM and fibre coupling efficiency
and adding an additional 10% loss for all the optics along the path, for the 2D-MOT,
pushing and detection beam. Due to limited blue power available (see section 3.3) the
two beams for the 2D-MOT are guided via free space (see figure 3.37b) to the vacuum
chamber to prevent the intensity loss from fibre coupling.
The 3D distribution module (see figure 3.38) supplies the 3D-MOT with six fibres, one
for each beam of the MOT. It has four inputs: one for the 461 nm cooling laser, two for
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(a) Schematic of the distribution module for the 2D-MOT
(b) Photograph of the 2D distribution module with drawn beam path
Figure 3.37: Schematic and photograph of the distribution module for the 3D-MOT.
The 461 nm laser entering the module gets split into several beams: i) one for spec-
troscopy, ii) one for pushing and detection and iii) one for the 2D-MOT. Beams ii and
iii get frequency shifted by a double pass AOM. The for the 2D-MOT gets overlayed
with the repumping lasers, is split into four beams and coupled into fibres. As can be
seen in b) the detection beam is currently not yet installed and only two outputs are
used for the 2D-MOT.
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the repumpers and one optional one for the 689 nm cooling laser. All of the inputs can
be overlayed and coupled into the same fibre. The 461 nm beam is first double passed
through an AOM to adjust the detuning and allow for quick on and off switching of the
beam. The repumpers are overlayed using a PBS. Afterwards they are overlayed with
the 689 nm beam in a second PBS. For this the polarization of the repumping has to
be turned by 45◦, leading to a loss of 50% of the power. This is acceptable since the
repumping modules deliver sufficient power. Due to the wavelength difference between
the blue and the red beams, a dichroic mirror is used to overlay them. The beam is split
into six beams and coupled into the polarization maintaining fibres for the 3D-MOT.
Since a broad wavelength range is coupled into the fibres a different type of fibre coupling
lens is used to ensure optimum focussing for all wavelengths. Typically an aspheric lens
(M5) is used in fibre couplers. Aspheric lenses focus light without introducing spherical
aberration into the transmitted wavefront, enabling very good coupling efficiencies. But
this is only achieved for the designed wavelength range of the lens. To still have a nearly
diffraction limited performance for both red and blue light an achromatic lens (M4) is
used. Achromatic lenses offer a nearly similar optical quality as aspheric lenses, but
they achieve this over a wide wavelength range. In figure 3.39 the theoretical coupling
efficiencies for both lenses are plotted. When the M5 aspheric lens would be used for
both wavelength ranges a theoretical coupling efficiency of 99% for 689 nm and 89% for
461 nm for a perfect beam would be achieved. With the M4 achromatic lens theoretical
coupling efficiencies of 100% and 97% respectively are expected.
In reality coupling efficiencies are a lot lower than the theoretical predictions, due to a
combination of several factors. For one the surface of the fibres are not anti reflection
coated causing a 4% loss at each surface. Also the beam is being distorted from the
many optical elements in the beam path, causing a reduced coupling efficiency. From
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(a) Schematic of the distribution module for the 3D-MOT
(b) Photograph of the 3D distribution module with drawn beam path
Figure 3.38: Schematic and photograph of the distribution module for the 3D-MOT.
The 461 nm laser entering the module gets frequency shifted by a double pass AOM
and is overlayed with the two repumping lasers as well as the 689 nm laser. The
overlayed laser beams are then split into six beams, two for each axis of the 3D-MOT
and coupled into fibres. In the current module the repumpers and the 689 nm laser are
not yet installed.
experience I expect a coupling efficiency of 65%-75% for a single wavelength using an
aspheric M5 lens. In the 3D-module I get a maximum coupling efficiency of 55-65% with
the blue light using the achromatic M4 lens. This is a 10% lower coupling efficiency than
expected indicating that the achromatic M4 lens does not have a similar performance
compared to the aspheric M5 lens. Simultaneous coupling of the blue and red beams
has not yet been implemented.
Combining the efficiency of the AOM of 60%, the fibre coupling efficiency of 55% and
adding a combined loss of 10% for all the additional optics, the 3D-module offers a total
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(a) M4 achromatic lens (b) M5 aspheric lens
Figure 3.39: Approximation of the coupling efficiency for Scha¨fter und Kirchhoff fibre
coupling lenses. Defocus donates how much the coupling lens has to be moved to reach
this point. The M5 aspheric lens offers the best coupling efficiency for a single frequency,
where as the M4 achromatic lens offers better results for a broad range of wavelengths
at a slightly decreased efficiency at optimum defocus for a specific wavelength. More
detailed plots can be found in appendix B.
efficiency of 30%. The repumpers and 689 nm cooling laser are not yet implemented in
this module. This module offers a good stability over time, but regular readjustment of
the fibre coupling is required. Typically the coupling of the fibres is readjusted up to
every month with them having lost up to 5% of the coupling efficiency.
3.6 Summary
In this chapter I have given an overview of the laser systems constructed to successfully
trap neutral strontium atoms. A total of nine modules were constructed for a mobile
system. The frequencies of the lasers are detuned by AOMs in double pass configura-
tion, allowing for an adjustment of the detunings without readjusting the beams. Two
repumping modules at 679 nm and 707 nm have been constructed with the frequencies
being stabilised to the atomic transition with a discharge spectroscopy cell. They pro-
vide a power of 5 mW and 22 mW respectively in up to three fibres. A laser system
at 461 nm using a robust monolithic frequency doubling cavity for the main cooling
transitions of strontium has been constructed and characterized. A maximum output
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power of 300 mW was observed. This allows for a power of 1.5 mW per beam for the 3D-
MOT from the 3D-distribution module and 30 mW per beam for the 2D-MOT from the
2D-distribution module. Although three additional blue laser sources were analysed for
their suitability for a mobile system, currently only the home made frequency doubling
cavity provides the required power level for the experiment.
Chapter 4
Experimental Setup
In this chapter the vacuum apparatus for the magneto-optical trapping of strontium
and the experimental control system are presented. For the vacuum apparatus modified
and newly developed techniques for the sealing of viewports and generation of magnetic
fields will be introduced. For the control of the experiment the components of the
experimental control system will be presented and the design of the computer control
and imaging system will be discussed.
4.1 Vacuum Apparatus
For the mobility of the experiment, the vacuum apparatus is build on a breadboard
allowing it to be transported. A CAD drawing of a slice of the vacuum apparatus can
be seen in figure 4.1 highlighting the main components and a photograph showing the
entire setup in figure 4.2. It can be divided into two main areas (see section 4.1.1): The
vacuum chamber for the 2D-MOT and the vacuum chamber for the 3D-MOT and lattice
for the clock operation. The two chambers are connected via a differential pumping
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Figure 4.1: CAD drawing of the vacuum apparatus. Components from left to right:
4-way-cross with two dispensers and foil, custom made vacuum chamber for 2D-MOT,
T-piece with differential pumping stage and ion pump for 2D-MOT chamber, vacuum
chamber for 3D-MOT, 4-way-cross with ion pump and titanium sublimation pump for
3D-MOT chamber
stage (see section 4.1.2), which will create a pressure difference of up to two orders
of magnitude. All viewports are custom made and sealed with a special lead seal, to
be able to achieve a better optical quality (see section 4.1.4). The vacuum apparatus
is set up horizontally to have two vertical viewports for the optical lattice, to avoid
mechanical oscillations, which could arise from a high vertical setup and allow for an
easier transport. For almost all major components 316L steel was used. This steel has a
low magnetic permeability (typically below µr =1.005
1) to lower magnetic stray fields,
which could affect the accuracy of the clock transition.
4.1.1 MOT Chambers
The experimental apparatus has two vacuum chambers: One for the pre-cooling of atoms
and one to capture and probe the atoms. The two chambers have different requirements
for the optical access and the pressure. Whilst the 2D-chamber needs long viewports
with a relatively high pressure to ensure a large flux of pre cooled atoms, the 3D-chamber
requires optical access for six MOT beams and the optical lattice, whilst being at a low
1Source: S. Yadev, Fermilab Report, TD-01-065, September 2001, Fermi National Accelerator
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Figure 4.2: Photograph of the vacuum chamber
pressure. At an early stage of planning it was considered to coat the inside of the 3D-
chamber with special titanium layer, which would serve as a getter material to ensure a
good vacuum pressure. This getter layer required to be baked to 180◦C for activation.
Due to time constraints this option was not further pursued.
To reduce the outgassing of the stainless steel surfaces a special baking procedure was
used. First the evacuated vacuum chambers, with blind flanges instead of viewports
installed, were cycled three times between room temperature and 400◦C with venting
them with air between cycles [110]. To create a protective oxide layer the final assembly
was heated to 120◦C and vented with air for five minutes [111], before the final bakeout
at 200◦C for several days. After firing the Titanium-Sublimation-Pump a measured
pressure by an ion-pump of in the region of 10−12 mbar was achieved in the 3D-chamber.
But at these pressure levels ion pump pressure readings are very inaccurate and can easily
be off by an order of magnitude.
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2D-MOT Chamber
In a two dimensional MOT atoms are cooled in two dimensions. This results in an
elongated one dimensional atomic ensemble, which delivers pre-cooled atoms for the
3D-MOT.
(a) Photograph of 2D-MOT chamber
beam
expansion
lenses
achromatic
achromatic
cylindrical
cylindrical
(b) Schematic of 2D-MOT chamber
Figure 4.3: (a) Side view photograph of the 2D-MOT chamber with fluorescence
visible. Around the chamber the permanent magnets are visible. In front rectangular
mirror with quarter waveplate foil. (b) Top view schematic of the 2D-MOT chamber.
The path of the horizontal laser beam is shown. The vertical beam has an identical
setup. The atoms in the 2D-MOT and their path to the 3D-MOT are shown.
In this experiment the first 2D-MOT with strontium was realised. The 2D-MOT offers
a range of advantages over Zeeman-slowers, which use an oven as a strontium source,
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which are currently used in strontium experiments [9, 86, 87]. In a Zeeman-slower an
atomic beam is slowed by a counter propagating laser beam, which is kept on resonance
with the majority of the atoms by a tailored magnetic field, allowing them to effectively
cool atoms with a large initial velocity and have a high atomic flux. But Zeeman-slowers
are usually quite large (up to 1 m in length) [112], thus not being easily transportable.
Furthermore there is still a big particle flux coming from the oven, which is not slowed,
reducing the lifetime of the 3D-MOT. Due to the high temperature of the oven and the
direct line of sight with the 3D-MOT the black body radiation emitted causes a shift of
the clock frequency [5]. Initial estimations show that the 2D-MOT can have a similar
atom flux as Zeeman-slowers (see section 2.2.1). The dispensers (see section 4.1.3) are
mounted out of line of sight of the 3D-MOT, thus minimizing the effect of black body
radiation on the atoms probed on the clock transition (see section 1.2.3).
The 2D-MOT chamber is a custom made rectangular shape vacuum chamber (see figure
4.3). The viewports have a 8 cm long aperture to allow for a long capture region of the
2D-MOT to increase the flux. The viewports are sealed using lead (see section 4.1.4) and
have an anti-reflex coating for 461 nm and a second transmission peak at 689 nm ranging
from 679 nm to 707 nm for the repumpers. On the left hand side of figure 4.3 a 4-way-
cross with the dispensers installed is attached. The dispensers are mounted in such a
way that the direct dispenser and the foil (see section 4.1.3 for a detailed explanation of
the atomic source) have no direct line of sight to neither the viewports nor the 3D-MOT
chamber via a differential pumping stage. This is to prevent coating of the viewports
with strontium and to prevent black body radiation from shifting the clock transition.
A differential pumping stage is installed to have a high vacuum pressure in the 2D-
MOT chamber for a maximum flux, while still maintaining a low vacuum pressure in
the 3D-MOT chamber (see section 4.1.2).
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Viewport birefringence An important effect to consider during the 2D-MOT opera-
tion, especially with rectangular viewports, is stress-induced birefringence. I investigated
this effect as a function of temperature gradient. I found that the rectangular viewports
of the 2D-MOT chamber where acting as a λ/8 plate each, resulting in a linear, from
initially circular polarized, laser beam after passing through both viewports. The effect
causing this is a temperature gradient, caused by the dissipating heat of the dispenser
and foil. The effect was repeatedly visible during operation of the dispenser and foil,
but disappeared after cooling down. Further investigations with a heating strip showed
polarization changes up to λ/4 per viewport at higher temperatures. A water cooling
was installed to prevent the observed birefringence.
3D-MOT Chamber
Figure 4.4: CAD rendering of 3D-MOT Chamber with the beam path of 1 cm diam-
eter beams for blue MOT and optical lattice beam included
The 3D-MOT chamber is a commercial vacuum chamber from Kimball physics. It has
eight DN 35 and two DN 100 flanges and is made out of 316L steel. Two flanges are
used to connect the differential pumping stage on the left hand side and the titanium
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sublimation pump and ion pump on the other side. The viewports on this vacuum
chamber are custom made and sealed with a special technique using lead (see section
4.1.4). BK7 is used as a window material with a surface flatness of λ/10. The viewports
for the DN 35 and DN 100 flanges have a thickness of 1 cm and 1.5 cm respectively.
The viewports have an anti-reflex coating at 461 nm for the blue MOT, a broad peak at
689 nm ranging from 679 nm to 707 nm for the red MOT, clock transition and repumpers
and one at 813 nm for the optical lattice at 0◦ angle of incidence.
The six beams for the blue MOT will be entering the vacuum through the two large
horizontal viewports and four orthogonal vertical viewports (see figure 4.4). The top
and bottom viewport are for the optical lattice and clock transition probing beam.
4.1.2 Differential pumping stage
The required pressure ranges for the 2D-MOT and 3D-MOT vacuum chamber vary by
a few orders of magnitude. For the 2D-MOT a high strontium background pressure is
required to be able to have a high atomic flux. When operating the 2D-MOT I found a
typical pressure in the 10−8 mbar range to be ideal (see section 5.2). For the 3D-MOT
and especially for later steps in the experiment, like the optical lattice, low pressures are
required. Typically pressures in the 10−10 mbar range are required to optimally operate
the optical clock transition.
To achieve the difference in pressure a differential pumping stage is installed. The
differential pumping stage is a 183 mm long tube with an inner diameter of 6 mm. The
stage consists of a metal tube with 10.1 mm inner diameter in which two carbon tubes
with an inner diameter of 6 mm are inserted (as can be seen in figure 4.5). The carbon
tubes serve two purposes: The carbon acts as an absorbing material for particles hitting
Experimental Setup 110
Figure 4.5: CAD rendering of Differential Pumping Stage. Carbon tubes are visible
on the inside.
the wall, thus further decreasing the conductance of the pumping stage. Also the carbon
has a low reflectivity for black body radiation, reducing the radiation emitted from the
dispenser being reflected into the 3D-MOT region. The diameter of the pumping stage
was chosen based on the maximum deflection of the atomic beam due to gravity. With
an estimated minimum velocity of 10 m/s for the atomic beam, a deflection of 2 mm
is calculated. Including the divergence of the atomic beam, a diameter of 6 mm was
chosen.
To estimate the expected pressure difference the conductivity for molecular flow of the
differential pumping stage needs to be calculated [113]:
Ctube =
d3 · pi
12 · L · c (4.1)
Where d is the diameter of the tube, L is the length and c is the mean particle speed:
c =

8 ·R · T
pi ·M (4.2)
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Where R is the general gas constant, M is the mean molar mass for air and T is the
temperature. For room temperature the mean particle speed is c=464 m/s. This gives
a conductance of Cdiff=0.15 l/s.
Around half way along the differential pumping stage has a 22 mm wide hole with a
15 l/s ion pump attached to it. This is used to further reduce the pressure and to pump
the 2D-chamber. The pumping stage to this point has a conductance of 0.4 l/s.
To estimate the expected pressure difference the effective pumping speed of the 3D ion
pump at the exit of the differential pumping stage needs to be calculated. The 3D ion
pump also has a pumping speed of 15 l/s. From the ion pump to the 3D-MOT chamber
only a four way cross has any relevant conductance. The conductance is calculated using
equation 4.1 to Lcross=45 l/s, with modelling the four way cross as a pipe elbow, which
has the same conductance value as a straight pipe of equal length.
This reduces the pumping speed of the ion pump to an effective pumping speed:
1
Seff
=
1
Sion
+
1
Ctot
(4.3)
With an effective pumping speed of Seff=11 l/s.
From the ratio of the pumping speed the pressure difference can be estimated to a factor
of 75. Taking into account the additional measures like the carbon tubes, a pressure
difference of at least two orders of magnitude can be expected. From the 2D chamber
to the hole in the centre of the pumping stage a pressure difference of 0.4l/s15l/s = 37.5 is
expected.
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During operation a typical pressure reading for the 2D ion pump would be 1 ·10−8 mbar
and the 3D ion pump would show a pressure reading in the lower 10−10 mbar range,
confirming the expected pressure difference.
4.1.3 Dispensers
Figure 4.6: Drawing of dispenser
with custom slit (image from Alvatec)
showing slit of the dispenser, the
strontium reservoir and the electrical
contacts
Figure 4.7: Dispenser setup with
NiChrome foil. In front dispenser
pointed directly into 2D-MOT cham-
ber. Behind the dispenser pointing at
the foil.
We are using dispensers (see figure 4.6) from Alvatec. These are slitted dispensers,
allowing them to be installed in any orientation. The slit is specially designed with a
laser cut width of only 0.1 mm, to narrow the beam divergence of the out coming atoms.
This is to avoid any coating of the viewports in the 2D-MOT chamber. A problem which
could arise is the nozzle effect. Due to the aperture being very small and a high atomic
flux, the fast atoms leaving the dispenser are likely to collide with the slower ones, thus
accelerating them. The velocity distribution of the strontium beam would no longer
follow the Maxwell-Boltzmann distribution, but a similar distribution where the slow
and fast atoms are shifted to the middle. This would significantly lower the number of
atoms which can be trapped in the 2D-MOT, since it can only capture the slowest 1%
of the atoms (see section 2.2.1). To avert this potential problem, a second dispenser is
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installed, which is pointed towards a heated NiChrome foil (see figure 4.7). This foil
gives us two advantages: The atoms evaporated from this foil will follow the Boltzmann
distribution, including the slow end tail, and, by adjusting the current passing through
the foil, the thermal velocity distribution of the atoms leaving the foil can be reduced at
a cost of decreased flux. Both dispensers are installed in a four way cross attached to the
2D-chamber with no line of sight to the viewports to prevent coating with strontium.
The option of installing a dispenser perpendicular to the 2D-MOT was explored but
rejected due to the high risk of coating the viewports.
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Figure 4.8: Lifetime of 100 mg dispenser.
To give us valuable insight into the operation of the dispenser the flux and velocity
distribution of the emitted atoms was determined. The probe beam in the spectroscopy
setup using the dispenser (see section 3.3.6) was shifted across the output to determine
the angular dependence of the emitted atoms parallel to the slit. Contrary to the
manufacturers estimations, who estimated the emitted atoms to have an angle of about
15◦, the angular distribution was almost uniform with only a slight drop towards the
edges visible. Due to the length of the slit the perpendicular distribution is considered
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nearly uniform.
Direct 
Dispenser 
Foil 
Dispenser 
Foil 
30° 
3° 
2D-MOT 
left centre right 
Figure 4.9: Geometrical alignment of dispensers and foil in vacuum chamber. One out
of 104 atoms emitted from the foil dispenser will pass through the capture region of the
2D-MOT. The dispensers have no direct line of sight with viewports to prevent coating
with strontium. The squares labelled left, centre and right show the measurement
regions for figures 4.10 and 4.11
Measuring the absorption in the probe beam and assuming a uniform distribution, the
flux of the dispenser was determined for various currents. From the calculated flux and
the fill amount of 100 mg of strontium the lifetime of the dispenser was calculated for
typical operational currents as shown in figure 4.8.
From geometrical considerations, shown in figure 4.9, the partial flux hitting the foil
and passing through the 2D-MOT capture region can be calculated. One out of twenty
atoms will hit the foil and, assuming an isotropic radiation of atoms from the foil, one
out of 500 atoms emitted from the foil or the direct dispenser will pass through the
capture region of the 2D-MOT. The operational temperature of the foil was determined
by looking at the colour of the foil. With a current of 4-5 A a faint red colour was visible,
which translates to a temperature2 of 770±80 K. For a current of 3 A the temperature
was estimated to 700±80 K.
2http://www.processassociates.com/process/heat/metcolor.htm
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(a) Dispenser current varied between 11.5 A - 13.5 A
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(b) 3D Chamber with dispener current varied between 12.5 A - 13.5 A
Figure 4.10: Velocity distribution of the dispenser for currents of 11.5 A, 12.5 A
and 13.5 A in the 2D and 3D chamber with a fit of the thermal Maxwell-Boltzmann
distribution. The measurements in (a) were taken on the side close to the dispenser
of the 2D-MOT chamber and in (b) they were taken in the centre of the 3D chamber.
The error in the velocity is due to the uncertainty in the frequency measurement and
the error for the intensity is estimated from the goodness of the fit to the data.
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(a) Left, center and right hand side of chamber for a dispenser current of 12.5 A
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(b) Left, center and right hand side of chamber for a dispenser current of 13.5 A
Figure 4.11: Velocity distribution of the dispenser for currents of 12.5 A and 13.5
A in the 2D chamber with a fit of the thermal Maxwell-Boltzmann distribution. Mea-
surements of the ”left” being near the dispenser and on the ”right” near the differential
pumping stage. The error in the velocity is due to the uncertainty in the frequency
measurement and the error for the intensity is estimated from the goodness of the fit
to the data.
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An important characteristic of the dispenser is the velocity distribution of the dispenser,
which determines the amount of atoms I can capture. To measure the velocity distri-
bution of the direct dispenser, a blue laser beam was shone along the symmetry axis of
the 2D-MOT chamber. A camera was focussed on the beam and in a region of 5x5 mm
the fluorescence of the beam was recorded for a detuning ranging from on resonance to
2 GHz. These measurement were taken at three positions in the 2D-MOT chamber, as
shown in figure 4.9, and in the centre of the 3D-MOT chamber. The small measurement
region allows us to look at the velocity distribution only in a small output angle of the
dispenser.
The small angle of the atom velocity relative to the laser beam only causes a correction
of less than 1% and is ignored. With the Doppler effect and the detuning the velocity
currently resonant with the beam was calculated:
fD = f0

1 +
v
c

⇒ v = ∆f · c
f0
(4.4)
With f0 being the atomic transition frequency, fD the frequency shifted by the Doppler
effect and ∆f = fD − f0.
Figures 4.10 and 4.11 show the measured velocities at the four measurement points with
the dispenser current being altered between 11.5 A and 13.5 A. The lines show a fit of
the Maxwell-Boltzmann distribution, as defined in equation 2.11. We can see that the
temperature corresponding to the velocity distribution is nearly constant along the entire
2D- and 3D-MOT region for a dispenser current of 13.5 A. The temperature at 12.5 A
shows more variation which is due to the lower intensity leading to a higher uncertainty
in the fit. The atoms leave the dispenser with a velocity distribution corresponding to
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a temperature of 694±20 K for a current of 13.5 A. If the current is lowered to 12.5 A
and 11.5 A the temperature drops to 672±35 K and 578±22 K, respectively.
Effects of the expected nozzle effect are not visible in these measurements, with no
deviation from the Maxwell-Boltzmann distribution showing within the measurement
tolerances of ±50 m/s. The important velocity region between a few m/s to 80 m/s,
which are the capture velocities of the 2D-MOT calculated in section 2.2.1, is not resolved
in this measurement. So no conclusive evidence can be given here, if the nozzle effect is
present or not, only that at velocities above 100 m/s no derivation from the expected
thermal distribution is visible.
From figure 4.10 and 4.11 we can also estimate the relative atomic flux intensity, the
number of strontium atoms passing through region of space per time, for the measured
regions of the MOT chambers. The intensities shown in the two figures are to scale
relative to each other. For a dispenser current of 13.5 A the atomic flux relative to
the beginning of the 2D-MOT chamber is 74%, 33% and 10% in the 3D-chamber. For
12.5 A the relative flux is 54%, 22% and 6%. Especially in the 3D-chamber no flux
would be expected without a 2D-MOT for the simple case of no collisions in the gas,
since dispenser nor foil have direct line of sight into the 3D-chamber. Due to collision a
flux is still observed. As expected the relative flux decreases from 10% to 6% with less
dispenser current, suggesting a lower pressure causing less collisions.
4.1.4 Custom Viewports
Viewports allow optical access to the atoms in the vacuum chamber. They are the last
optical element the laser beam passes before interacting with the atoms. For most optical
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components before hand beam deformations can be compensated, with for example the
use of optical fibres.
In normal off the shelf viewports from vacuum companies the glass is welded into a CF
steel flange. This welding process yields a big thermal strain on the glass, thus most
of these viewports only have a surface smoothness of 4λ. Also requiring viewports for
DN100 flanges and heating up to 200◦C, for the initially planned coating of the vacuum
chamber (see section 4.1.1), the pricing for these viewports increase exponentially. For
these reasons I have decided to use custom optics with a custom vacuum seal. Our
viewports have a surface smoothness of λ/10 and a thickness of 1 cm and 1.5 cm for the
DN35 and DN100 flanges respectively.
Figure 4.12: Schematic drawing of
vacuum seal for 2D-chamber
Figure 4.13: Schematic drawing of
vacuum seal for 3D-chamber
The majority of custom vacuum seals uses the following principle: A soft wire is placed
between the vacuum chamber and the glass and is then compressed. The softness of the
wire fills out all the unevenness and the viewport is sealed. The most common material
used is Indium. Indium has a Young’s modulus of E≈ 10 GPa, which makes a it a very
soft metal. Only needing a very small contact pressure, the risk of cracks on the glass is
reduced. But indium has a melting point of 157◦C, limiting the baking of the vacuum
chamber to around 120◦C. For the seals I am using lead [114, 115], which has a Young’s
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modulus of E≈ 18 GPa, being not significantly more than indium, but still a lot less
than e.g. copper with E≈ 117 GPa. The advantage of lead is that it has a melting
point of 327◦C. Hence bake outs of above 200◦C are possible. This would have allowed
the proposed coating and activation of the vacuum chamber with a getter material (see
section 4.1.1).
For the 2D-Chamber I am using a solder lead wire3 between glass and vacuum chamber
(see figure 4.12) and the same wire again between glass and mounting flange. A lead alloy
instead of pure lead was used to prevent corrosion. The second wire should distribute
the pressure on the glass, thus preventing cracks. To maintain a constant pressure on
the seal while baking four disc springs4 are used in series. When the chamber and glass
expand differently while baking due to the thermal expansion not being matched the
disc springs will keep a constant pressure.
For the 3D-chamber a slightly different setup is used, because our chamber is not custom
built. It has the knife edge of the CF flange. Now an annealed copper gasket is being
placed between the lead seal and the knife edge (see figure 4.13). Here again disc springs
are used to keep a constant pressure. To keep magnetic stray fields to a minimum,
INCONEL R© 718 was used as a spring material. This material can be baked up to 700◦C
and has a very low magnetic permeability. It’s main usage is usually in gas-turbines,
rocket motors or nuclear reactors. For the DN35 viewports four disc springs are used in
parallel, resulting in a force of 1,3kN5 at full disc deflection. For the DN100 viewports
four disk springs are used in parallel resulting in a force of 2kN6 at 68% deflection.
3Indalloy 165: 97,5% Pb, 1,5% Ag and 1% Sn with a melting point of 309◦C; Indalloy Corporation
of America
4X7CrNiAl17-7
5Manufacturer specification: Bauer Springs Limited
6Manufacturer specification: Bauer Springs Limited
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To pre flatten the lead wire from 0.7 mm diameter to 0.3 mm a stamp with a pre cut
groove was used. The screws where tightened to 2.5 Nm and 2 Nm for the DN35 and
DN100 viewports respectively. After baking the screws had to be retightened to 2.7 Nm
and 3.6 Nm respectively. On one DN35 and one DN100 viewport even after retightening
small leaks in the lower < 10−9 mbar range were left. Vacseal was used to seal these
leaks.
With this sealing technique pressures of < 10−11 mbar for the 3D-MOT chamber and
< 10−10 mbar for the 2D-MOT chamber measured by the ion pumps are achieved. The
achievable low pressures show the suitability of lead sealing for custom viewports, when
high bake out temperatures of above 120◦C are required.
4.1.5 Quadrupole fields
For the operation of a MOT a magnetic field gradient is required to have a velocity
selective deceleration force. For strontium field gradients of typically 45 G/cm (see
section 2.2.1 and [93]) are required for the operation of the MOT. This is a considerably
higher gradient than typically required in other cold atom experiments (for example
Rubidium requires 15 G/cm [116]).
2D Permanent Magnets
The 2D-MOT requires a magnetic quadrupole field. Since this is the first setup with a
strontium 2D-MOT I cannot revert to experience from previous experiments. Looking
at experiments with similar atoms the magnet gradient typically has the same range
as for the 3D-MOT. From simulations in section 2.2.1 estimating the expected atomic
flux for the 2D-MOT a similar gradient is confirmed. Due to the larger beam diameters
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and limited available blue power a slightly lower gradient is favourable for optimum pre
cooling of the atoms than in the 3D-MOT.
Figure 4.14: Photograph of the assembled permanent magnets. The magnetic field
direction of the top two magnet assemblies is indicated.
Two types of coils and magnets were considered for generating the magnetic field for
the 2D-MOT: One option was to use a similar design for the coils as used for the 3D-
MOT (see next section). This would also allow a compact design, but would also require
water cooling. Another option was the use of permanent magnets as has been done on
an experiment with a lithium 2D-MOT [117]. Permanent magnets have the advantage
of not consuming any power nor requiring additional cooling at the cost of very limited
adjustability of the magnetic field strength.
As this setup can also be seen as a step towards the design of a Space-Optical-Clock
the permanent magnet setup was pursued. With no power consumption and no required
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cooling, the permanent magnets offer great advantage over coils for space missions, since
weight, power consumption and heat generation are of great concern.
Commercially available Neodymium block magnets with a dimension 25x10x5 mm are
used. They have a measured magnetization of 6.3 · 105 A m−1 which is similar to the
magnets used in [117]. Great reductions of magnetization were observed, when the
magnets were not carefully handled by letting them snap to each other. The impact
caused a loss of magnetization of up to 50%.
Figure 4.15: Schematic drawing of the geometry used to simulate the magnetic field
of the bar magnets. The outline of the 2D-MOT vacuum and magnet components
is overlayed in grey. The outside shape consists of the magnets and their mount as
shown in figure 4.14 and the inside square is the vacuum chamber of the 2D-MOT.
The red arrows show the direction of the magnetic field, whilst the colour coding of the
background shows the field strength.
To determine the optimum position and number of magnets to generate the magnetic
field gradient was simulated using finite element analysis in Comsol. A photograph of
the magnets and their mount is given in figure 4.14 and a schematic drawing of the
geometry used with the simulated generated field can be seen in figure 4.15. The outline
of the 2D-MOT vacuum chamber is overlayed in grey in figure 4.15. The red arrows
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show the direction of the magnetic field and the colour coding of the background shows
the field strength.
The lowest field gradient for the maximum capture velocity at an intensity of 2.5 mW/cm2
is 4 mT/cm (see section 2.2.1). The simulations showed that the optimum combination
to generate the required field consists of stacks of three bar magnets with four of these
stacks being placed in parallel along the vacuum chamber.
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Figure 4.16: Measured and simulated magnetic field generated by permanent magnets
for 2D-MOT. The x-position marks the position along horizontal axis of the magnets
starting from the centre. Two measurements were taken at the position of the 2D-
MOT. One at the centre and one three cm to one side. The simulation using finite
elements analysis and an initially measured magnetization of 6.3 · 105 over estimates
the measured gradient by a factor of two(dotted line). For the second simulation the
magnetization was 3.3 · 105
The bar magnets are mounted in an aluminium tray, which clamps them tightly in place
as can be seen in figure 4.14. The trays are mounted to the vacuum chamber using
specially designed L shaped brackets in which they can be moved outward to adjust
the magnetic field strength. The brackets are then screwed onto the vacuum chamber,
allowing for adjustment of the magnetic centre to align the 2D-MOT with the differential
pumping stage.
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A plot of the simulated field is given in figure 4.16. The gradient is plotted along the axis
of the cooling beam for two positions along the symmetry line of the magnets starting at
the centre at 0 cm and going to 3 cm. Compared to the expected value of 4.2 mT at 1 cm
distance, the measured field strength is 50% smaller at 2.1 mT. This difference can be
attributed to losses of magnetization during assembly. Although great care was taken
to avoid snapping the magnets together during assembly, it could not be completely
prevented.
With the use of permanent magnets it is possible to achieve the magnetic field gradients
required for strontium. They have shown to be a suitable replacement for coils at the
limitation of very limited adjustability of the magnetic field. Just additional care needs
to be taken during the assembly to prevent a loss of magnetization. If the required field
gradient is known, the use of permanent magnets does not only save space and weight
but is also a very cost effective solution, since no expensive power supplies are required.
3D Coils
To generate the quadrupole magnetic field for the 3D-MOT I have designed two coils
with a new cooling system, which allows for efficient cooling at a reduced complexity
compared to other designs with similar requirements.
The minimum distance and inner diameter of the 3D coils is defined by the dimensions
of the 3D-MOT vacuum chamber. The coils are at a distance of 110 mm with an
inner diameter of 55 mm. To calculate the required current for producing a gradient
of 45 G/cm the coil is modelled as a single-turn coil with its radius being the average
radius of the coil. The magnetic field on the symmetry axis of this coil can be calculated
using the following formula derived from the Biot-Savart law:
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BZ =
µ0
2
n · I ·R2C
(R2C + x
2)3/2
(4.5)
Where I is the current, n is the number of turns, RC is the average radius of the coil
and x is the distance from the coil along the symmetry axis. Taking the derivative and
adding the second coil the field gradient can be calculated.
Figure 4.17: Calculated magnetic field strength and gradient for 3D-Coils. Field and
gradient for 30, 40 and 50 A current is shown with 92 windings on the coil
A plot of the magnetic field gradient is given in figure 4.17. The magnetic fields and
gradients are plotted for currents of 30 A, 40 A and 50 A with 92 turns giving a gradient
of 32 G/cm, 42.5 G/cm and 53 G/cm respectively.
From figure 4.17 it can be seen that a total current (turns in a coil times current) of
4000 A is necessary to produce the required gradient for the 3D-MOT at the given coil
dimensions. To build a coil with such a high current water or other liquid cooling is
required. For the water cooling to be effective a good thermal contact needs to exist
between the copper wire and the cooling fluid. In previous cold atom experiments various
designs of water cooling have been implemented, which include hollow copper wire with
water flowing through it or an encapsulated coil with water flowing around the copper
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Figure 4.18: (a) Photograph of an installed 3D-MOT coil. (b) Schematic drawing of
3D-Coil setup (not to scale). The copper conductor (12.7 x 0.254 mm cross section)with
Kapton insulation is thermally contacted by a thin layer of thermal paste to the mount,
which is 100 µm wider than the cuffed copper conductor.
wire. These designs usually require complex setups and are suitable for even higher
currents.
I have developed different a design, which still allows for sufficient cooling at a reduced
complexity. In our newly developed design a Kapton insulated copper foil is wound in
a machined-to-fit water cooled copper mount. The foil is 12.7 mm wide and 0.254 mm
thick and is insulated with a 25 µm thick Kapton layer. The mount is only 0.1 mm
wider than the foil and the walls are coated with thermal paste ensuring a good thermal
contact. The copper mount has a water cooling channel on one side as can be seen in a
schematic drawing in figure 4.18. In figure 4.2 a photograph of the wound coils attached
to the 3D-chamber can be seen.
In figure 4.19 the temperature of a 3D coil is plotted for different currents. At the typical
operational current between 30 A - 50 A the temperature stays below 60 ◦C. Critical
temperatures near 100 ◦C are not reached for the required operational currents. The
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Figure 4.19: Temperature and power consumption of 3D coil for various currents.
Temperature was measured using an installed thermocouple at the centre of the coil.
For a current of 10 A and 15 A water cooling was switched off.
newly developed design has proven to ensure sufficient cooling for current of up to 55 A
to have an optimal gradient for cooling and trapping of strontium in a 3D-MOT.
4.1.6 Quarter Waveplate Foil
In the 2D-MOT reflected cooling beams are used to achieve a higher intensity. If sep-
arate beams were used, half the intensity would be lost. The direction of the circular
polarization of the reflected beam needs to be changed. To change the polarisation of
the reflected beams for the 2D-MOT a new method is used. Usually the beam, which is
much larger than the quarter waveplate, is recollimated by one or two lenses to a smaller
diameter and then double passed through a λ/4 waveplate. This has the disadvantages
of the beam being mirrored and passing through four additional lenses distorting the
intensity profile.
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Figure 4.20: Photograph of rectangular mirror for the 2D-MOT with foil laminated
onto it.
We are using a quarter waveplate foil7 which is directly laminated onto a rectangular
mirror the size of the beam as is illustrated in figure 4.20. This has the advantage of
the beam maintaining its profile compared to the usual setup using lenses, where the
reflected beam is mirrored, and thus the atoms are seeing a more constant intensity of
both beams. The foil is typically used in computer displays and is designed for the entire
optical range. It has two crossing points in the optical range, where the quarter wave
retardation is nearly optimal, with one of them being near 461 nm.
Since this foil is new to an optical clock setup the retardation of the foil was evaluated.
To test the foil linear polarized light was passed through a polarizing beam splitter
(PBS) and reflected off the mirror with the foil. A schematic of the setup is shown in
figure 4.21(a). Depending on the angle of the mirror the light is transmitted or reflected
in the PBS. With 9.7 mW of light after the PBS between 0.14 mW and 8.4 mW were
reflected for an angle of 0◦ and 45◦ respectively as can be seen in figure 4.21(b). A
reference quarter waveplate was showing power levels of 0.14 mW and 9.2 mW. The
better maximum value can be attributed to the surface of the foil not being anti-reflex
coated, thus ∼4% of the light will be reflected without a change. This shows that the
7ITOS WP140HE
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(a) Setup used to measure retardation of quarter wave-
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Figure 4.21: Measured reflection after polarizing beam splitter (PBS) for different
rotation angles of mirror with quarter waveplate foil. Errors bars are defined by the
measurement accuracy of the rotation angle of ±2◦ and laser power fluctuations of up
to 0.2 mW.
new quarter waveplate foil has proven suitable in maintaining a better beam quality at
nearly equal quarter wave retardation.
4.2 Experimental Control System
To control the experiment a computer controlled experimental control system is required.
The computer control needs to have a repeatable timing with a resolution of less than a
ms, be able to control several digital and analogue output channels simultaneously and
be able to convert from the required units for the controlled device to a control voltage
(for example MHz detuning for the AOMs to voltage or current for the coils to voltage).
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For portability the control systems also needs to be of a compact size. The control
system used in this experiment, which fulfils these and more requirements is introduced
in section 4.2.1.
Further to the computer control system an imaging system is required to record and
analyse the MOT. The imaging system needs to have a low noise to record images at
low light levels from the MOT. In post-processing the system also needs to be able to
correct for background lighting and calculate various parameters of the MOT, such as
atom number and temperature. A detailed description of the imaging systems and its
control program will be given in section 4.2.2.
4.2.1 Control Electronics
An embedded control and acquisition device from National Instruments is used as the
control hardware. The control board has a Field Programmable Gate Array (FPGA)
installed. The FPGA system offers a wide range of advantages over systems using pre
calculated buffers for the outputs. The executing processor is installed on the board
eliminating potentially slow or disrupted communication from the main processor to the
output boards. The ability to execute commands with high bandwidth and low latency
during operation allows for the potential implementation of feedback loops. This comes
at the cost of increased programming effort required to run the FPGA. A control program
already written for a different experiment in the group [118] was adapted to run on our
system.
The FPGA control board8 has a 400 MHz Freescale CPU with 128 MB of RAM and a 2M
gate Xilinx Spartan-3 FPGA. It offers 110 digital input output (DIO) lines, 32 analogue
8National Instruments sbRIO-9632
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input (AI) channels and 4 analogue output (AO) channels. With an add-on card 16
additional AO channels are available. The board is designed for high-volume OEM
applications. This offers the benefits of having a well tested, integrated and compact
board making it suitable for our portability needs. With the installed control program
timings of 100 ns for the digital and 1 µs for the analogue channels are achievable.
Figure 4.22: Flowchart of the setup of the control electronics. From top to bottom:
Control computer running the control program. FPGA control board with 96 digital
and 20 analogue channels. Digital and analogue buffers protect the board and ensure
correct timing. Examples of equipment controlled are shown.
The FPGA control board continuously cycles through the experimental routine. Run-
ning the routine only on demand could cause thermal drifts due to experimental com-
ponents being used in a non continuous way. The experimental routine is programmed
on the control computer. To program the routine a table is used with a column for
each time slot containing all the data for the individual outputs. The digital outputs
can be either on or off and the analogue outputs can be set to a value with the option
to linearly ramp to this value. Via a calibration file for the analogue channels any unit
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can be used as an input, which will be converted to the correct output voltage for the
specific device. This can be for example a detuning frequency set for an AOM, which is
converted into an output voltage controlling the voltage controlled oscillator (VCO).
From the control computer the routine data is uploaded to the FPGA control board via
a TCP/IP connection through our lab network as illustrated in figure 4.22. Once the
board has the data it begins to autonomously cycling the routine. After every cycle a
report can be sent to the control computer or any computer on the lab network detailing
the parameters used.
To protect the electronics of the control board and to maintain accuracy buffers are
installed between the outputs and the experiment components. The buffer boards com-
pletely decouple the control board from the experiment to avoid ground loops as well as
protect the hardware from voltage spikes or short circuits. Further information on the
design of the buffer electronics can be found in [118].
4.2.2 Imaging System
To record images and measure properties of the MOT an imaging system is required. In
our setup a PCO Pixelfly camera, which is connected to a computer running a LabVIEW
control program, is used. The camera9 has a resolution of 1392x1040 pixels with a
quantum efficiency of 55% for 461 nm. The camera has digital temperature compensation
instead of a space consuming thermo-electrical cooling unit, allowing exposure at low
light levels with limited noise. Currently fluorescence imaging is used to image the MOT.
A commercial zooming lens system is used, which has a reproduction scale of one pixel
corresponding to a size of 36 µm at the MOT. An additional feature available on this
9PCO Pixelfly USB double shutter
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camera is the double shutter mode. Although currently not required this feature allows
a second image to be recorded a few microseconds after the initial image. This feature
will be used when, at a later stage in the experiment, imaging is done via absorption
imaging, allowing fringes on the detection beam to be subtracted from the original image
before they can shift. The camera is connected to the computer via a USB connection.
Figure 4.23: Flowchart of the processes in the imaging program. Going from image
transfer from camera via image manipulation and analysis to output routines for saving
images, loading rate and measure the temperature of the MOT
The camera control and analysis program is written in LabVIEW. It offers a variety
of functions to analyse the images of the MOT ranging from determining its size, over
measuring its atom number to determining the temperature of the captured atoms. In
the following a brief overview of the programming will be given as can be seen in figure
4.23. The program downloads the currently stored image on the camera. The image file
is in a 14 bit grey scale resolution format. To be able to work with it in LabVIEW it is
converted into a 16 bit format. A background image with no atoms is taken on request,
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which is subtracted from the images to remove unwanted light. The main portion of
light being subtracted is the scattering of the MOT beams in the viewports. Afterwards
a region of interest can be selected from the image. The image file is then analysed by
various sub routines. The sum over the x- and y-axis is taken and a Gaussian profile is
fitted respectively from which the cloud width is calculated. By summing the intensity
the illumination of the MOT is measured, which is the number of electrons counted by the
camera from the exposure. These properties together with the background subtracted
image are displayed on a separate screen on the experimental table to be used as an aid
to adjust settings on the experiment.
Using the MOT illumination the number of atoms in the MOT can be estimated. For
this the number of photons emitted per second from an atom in the MOT has to be
calculated from the scattering rate of a single atom in a light field [62]:
γp =
I/Is · γ/2
1 + I/Is +

2δ
γ
2 (4.6)
Where γ/2pi=32 MHz is the linewidth of the atomic transition, Is =43 mW/cm
2 the
saturation intensity, δ the detuning of the laser and I the intensity of the laser. In the
case of the MOT all six beams have to be taken into account. Since the size of the MOT
is small compared to the extend of the laser beams and the magnetic field, effects of the
field gradient on the detuning do not have to be taken into account.
The fraction of the photons leaving the MOT and being detected on the camera has to
be calculated using the distance of the camera lens from the MOT and its size:
fr =
r2c
4 · r2MOT
(4.7)
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Where rc is the radius of the camera lens and rMOT is the lens distance from the MOT.
The final parameter required to calculate the atom number is the number of photons per
second detected by the camera. For this the previously calculated MOT illumination N
and the quantum efficiency of the camera of 55% for 461 nm are used to calculate the
number of photons detected by the camera during the exposure time t. From this the
photon flux on the camera per second n can be calculated:
n =
N
0.55 · t · TL (4.8)
Where TL=0.75 is the transmission of the lens system.
Comparing a laser beam at 461 nm with a measured power of 468 nW from a laser
powermeter with the calculated power of 508 nW this method shows an error of less
than 10%. Combining equations 4.6 - 4.8 the number of atoms in the MOT NMOT can
be estimated:
NMOT =
n
γp · fr (4.9)
This estimation can be seen as a lower limit of the number of atoms captured in the
MOT. Effects such as the emission and reabsorption in the MOT, and the decrease in
beam intensity as the MOT beams pass through the MOT are not taken into account.
These effects, especially in larger MOTs, will decrease the number of photons emitted
compared to the number calculated in equation 4.6 and will lead to an under estimation
of the atom number.
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The program offers three options to save the images and data. One option is to save
the currently shown image and the measured data as an image file. When the program
is stopped, all the measured data is additionally stored in a table for further analysis.
Another option is to measure the load- or decay-rate of the MOT. In this mode a set
number of images is taken at the maximum possible speed. The MOT illumination is
plotted against the time between images to calculate the MOT lifetime. The third option
is a time of flight measurement routine, which was implemented as part of a fourth year
project to measure the temperature of the MOT.
In the near future the report generated by the FPGA control board (see section 4.2.1)
will be received via TCP / IP and used to automatically trigger the imaging process
and fill in the experimental parameters. This will allow one to automatically control
the functions of this camera program by the control program as compared to having to
manually enter the experimental parameters.
4.3 Summary
In this chapter I have presented the construction of the experimental apparatus for an
atomic optical clock with strontium. The mobile vacuum chamber consists of two main
chambers, one for pre-cooling strontium atoms in a 2D-MOT and one for the trapping
and interrogation of these atoms. The chambers are connected via a differential pumping
stage, which allows for a pressure difference of more than two order of magnitude and
shields black body radiation emitted from the atomic source. The viewports were sealed
with a special technique using lead permitting high baking temperatures and the use of
custom high quality viewports.
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The velocity distribution of atoms leaving the dispenser was characterised, suggesting a
temperature of the dispenser between 620-700 K. With respect to a mobile setup and
especially potential space applications, permanent magnets were installed to generate
the magnetic gradient for the 2D-MOT. Also a compact experimental control system
and imaging system were built to automatically operate the experiment.
Chapter 5
Magneto Optical Trapping of
Strontium
In this chapter I will present the experimental results for a 3D-MOT with strontium. In
the 3D-MOT section the influence of the laser beam intensity and the foil temperature
on the number of captured atoms will be discussed as well as the use of the repumping
lasers. In the following section I will discuss the effects of the 2D-MOT on the numbers
of captured atoms in the 3D-MOT and validate the simulation for estimation of the flux
of the 2D-MOT from section 2.2.1. A measurement of the number of trapped atoms and
the lifetime of the MOT will be given.
5.1 3D-MOT
I have successfully trapped strontium atoms in a 3D-MOT, which was loaded either
directly from the dispenser or from pre cooled atoms of a 2D-MOT. This section will
focus on the characteristics of the 3D-MOT. For all the measurements presented in this
139
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section the 2D-MOT was not in operation and both repumpers were on, but the locking
scheme, as described in section 3.4.1, was not active.
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Figure 5.1: Atom number of the 3D-MOT with varying laser beam intensity. The
atom number in the MOT can be seen as nearly constant down to an intensity of 0.75
to 1 mW/cm2, with a significant drop of atom number below 0.75 mW/cm2. The large
increase in atom number for an intensity of 1.05 mW/cm2 is attributed to a drift of
the blue cooling laser. The capture velocity is the velocity a 1D-MOT would be able to
capture with the given intensity, detuning of 20.5 MHz and a field gradient of 0.4 T/m
using data from section 2.2.1. The fraction of capturable atoms is calculated from the
capture velocity and the Maxwell-Boltzmann velocity distribution at 700±80 K (the
temperature of the foil). Both repumpers were on and the MOT was loaded from
background gas with a dispenser current of 15 A for this measurement.
To have as much power available for the 2D-MOT I investigated the dependence of the
trapped atom number as a function of the laser intensity. From the simulations carried
out in section 2.2.1 we would expect an increase of atom numbers proportional to the
percentage of capturable atoms for higher laser intensities. Figure 5.1 shows the number
of trapped atoms for laser intensities between 0.5 to 2 mW/cm2. Instead of the expected
increase, which should follow the capturable atoms, we see a nearly constant number
of atoms for intensities between 0.85 and 2 mW/cm2 and a drop below. The reason
for this is unclear and was not further investigated. A potential reason might be the
increased collisions within the MOT with an increasing atom number. Since a nearly
constant atom number is achieved down to an intensity of 1 mW/cm2, the 3D-MOT
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was operated with this intensity and the remaining available power was given to the 2D-
MOT. The high atom number at an intensity of 1.05 mW/cm2 is believed to be caused by
a drift of the blue cooling laser. Since the new locking scheme was not yet implemented
for these measurements (see section 3.3.6) a drift of up to 30 MHz was possible. This
might have caused a higher fluorescence for which the atom number calculation was not
adjusted accordingly. The main source for the errors in this image is the just mentioned
drift of the blue cooling laser as well as the repumpers, which weren’t stabilised during
these measurements.
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Figure 5.2: Atom number for 3D-MOT with varying foil current. Down to a current
of 2 A the number of captured atoms in the 3D-MOT is nearly constant. The same
experimental setting as in figure 5.1 were used with a beam intensity of I=2 mW/cm2.
To find the optimum temperature of the foil, its current was varied between 1-6 A.
Figure 5.2 shows the number of captured atoms in the 3D-MOT (see section 4.1.3 for
further information on the dispenser-foil setup). For very low currents between 1-2 A
only a small number of atoms is captured, due to the temperature of the foil being too
low to fully evaporate the atoms. Between 2-6 A a nearly constant amount of atoms is
trapped in the MOT. The increased temperature and thus higher velocities of the atoms
for higher currents seems to be compensated by the increase in flux of atoms emitted
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from the foil. For most measurements a foil current of 3.5 A was chosen, which lies in
the centre of the measured plateau.
5.1.1 Repumpers
(a) 707 nm off - 679 nm off (b) 707 nm on - 679 nm off (c) 707 nm on - 679 nm on
Figure 5.3: 3D-MOT size for no (a), only 707 nm (b) and both repumpers (c) on.
With a respective atom number of 47± 5, 322± 29 and 1055± 95 atoms. Images are to
scale. The parameters are the same as in figure 5.1 with an intensity of I=1.5 mW/cm2.
The 1S0 −1 P1 cooling transition is not perfectly closed due to a decay channel to the
meta stable 5s5p3P2 state with a branching ratio of 2 · 105. For a detailed discussion
see section 2.1. Unlike in alkaline atoms, the use of a repumper is not essential for the
operation of a MOT, as can be seen in figure 5.3(a). With the use of the repumpers
the number of trapped atoms in the MOT can be considerably increased. Figure 5.3
shows images of the MOT intensity and size with (a) no repumpers present, (b) only the
707 nm repumper on and in (c) both repumpers on. A relative increase of a factor of
6.8±1.3 for trapped atoms with the first repumper on and a further increase of a factor
of 3.3±0.7 with both repumpers on can be seen. In total 23 times as many atoms are
captured in the 3D-MOT with the repumpers. This increase is a factor of two larger than
the previously reported one order of magnitude increase in other experiments [93, 119].
With our experiment having a lower background pressure, due to the use the differential
pumping stage compared to a Zeeman slower, less collisions with the background gas
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Figure 5.4: Number of atoms in the 3D-MOT with the 679 nm repumper off showing
the loading of the 3D-MOT with the 707 nm laser being switched on at 750 ms. The
spurious data point shown in red is believed to be caused by a false fit on the camera
program during the switching on of the repumper. For these measurements the 2D-
MOT was on and the experimental parameters were the same as in figure 5.8.
lead to a longer lifetime of the atoms in the MOT and one would expect a larger influence
of the repumpers on the atom number.
The loading time of the 3D-MOT with only the 707 nm repumping laser on is shown
in figure 5.4. The number atoms in the MOT are determined by the camera program
(see section 4.2.2), with an average cycle time between images of 50 ms. The loading
times of the MOT with none of the repumpers active were too fast to be captured with
the camera program. The expected time an atom is captured in the MOT with only
the 707 nm repumper on is primarily limited to the average time after which the atom
has decayed to the metastable 5s5p3P3 state, from which the 679 nm repumper should
remove it. From the scattering rate given in equation 4.6 and the branching ratio we
can estimate the expected lifetime.
For the measurement shown in figure 5.4 we get a scattering rate of γp/2pi = 12·106, with
I=6 · 1 mW/cm2 for six beams and a detuning of δ/2pi=20.5 MHz. Taking into account
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the branching ratios of 1/(2 · 105) from the main transition, 1/3 into the 5s5p3P2 state
and 1/9 into the 5s5p3P0 state from the 5s6s
3S0 state [40], which means that on average
the atom will be in the 5s5p3P0 state after an average of 8.1 · 106 photon absorptions.
Combining this with the scattering rate we get an estimated lifetime for an atom in the
3D-MOT of 110 ms, since once it is in the 5s5p3P0 state with only the 707 nm repumper
on it’s not resonant to any light any more.
Figure 5.4 shows the number of atoms in the 3D-MOT before and after switching on
the 707 nm repumping laser at 750 ms. After 100 ms to 200 ms the MOT is saturated.
The atom number in the MOT is now limited by atoms falling into the 5s5P 3P0 state.
The time scale is in the range of the expected 110 ms.
5.2 2D-MOT
Figure 5.5: Left: 3D-MOT without 2D-MOT; Right: 3D-MOT with 2D-MOT; Dis-
penser at 12.5 A, both repumpers are on, 8 mW and 1 mW power per beam and a
detuning of 2.5 MHz and 25 MHz for the 2D- and 3D-MOT respectively. The inten-
sity is colour coded ranging from black for low intensities over blue to red for high
intensities.
In this experiment I have successfully precooled strontium atoms in a 2D-MOT con-
figuration with an observed 11 fold increase in the number of trapped atoms in the
3D-MOT as shown in figure 5.5. Due to a limited power available from the frequency
doubling cavity of only 120-140 mW during these measurements, the configuration of
the 2D-MOT setup was slightly altered. The fibre between the 2D-module (see section
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Figure 5.6: Effect of the 2D-MOT for various dispenser currents. A clear increase
in the effect of the 2D-MOT is visible for lower dispenser current, but the absolute
number atoms captured in the 3D-MOT increases with a higher dispenser current. The
bigger atom no seen for a value of 12.5 A current is probably caused by the repumpers
running at a better frequency. For this measurement both repumpers were on, a power
of 5 mW and 1 mW per beam was available and a detuning of 2.5 MHz and 25 MHz
for the 2D- and 3D-MOT respectively with a foil current of 3 A. For the measurement
at 12 A the foil current was increased to 4.5 A.
3.5) and the 2D-MOT telescope was omitted and the beam was guided in free space to
the 2D-MOT, having 80% more power available at the acceptable cost of a slightly lower
beam quality. The shape of the beams in the 2D-MOT was changed from an 8x1 cm
elliptical beam, which would have had an intensity of <1 mw/cm2, to beams with 2 cm
diameter. These measures allowed a power of up to 8 mW per beam and an intensity
of 2.5 mw/cm2.
Figure 5.6 shows the relative and absolute increase of the atoms captured in the 3D-
MOT after precooling atoms in the 2D-MOT with varying dispenser current, which
had a power of 5 mW per beam. The graph shows a linear decrease in the effect of
the 2D-MOT for lower dispenser currents. It ranges from only less than doubling the
atom number in the 3D-MOT with the dispenser at 15 A to an 11 fold increase with
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Figure 5.7: Plot of the capture velocity of the 2D-MOT in the modified configuration
of only 2 cm long beams. The detuning was varied between δ/2pi=0 MHz to -150 MHz
and the magnetic gradient from dB=0.1 T/m to 0.7 T/m. The laser intensity was
I=2.5mW/cm2. The maximum capture velocity is achieved for a detuning of δ/2pi=-
50 MHz and a magnetic gradient of dB=0.2 T/m.
the dispenser being at 12 A. The number of captured atoms in the 3D-MOT shows a
linear behaviour up to currents of 14 A. The decreasing effect of the 2D-MOT with
higher dispenser currents is believed to be caused by collisions of pre cooled atoms with
the background gas. With the flux of the dispenser increasing by almost two orders of
magnitude from 12 A to 14 A, the background collisions become increasingly dominant.
The strange value in figure 5.6 for a current of 12.5 A of the dispenser is likely caused
by a drift of the cooling laser during this measurement since the new spectroscopy, as
described in section 3.3.6, was not yet implemented for these measurements. The main
source of the errors are the drifts of the cooling laser as well as the repumping lasers.
Using the simulation tool introduced in section 2.2.1, we can estimate the expected flux of
the 2D-MOT in this configuration. Figure 5.7 is showing the maximum capture velocity
of the 2D-MOT in this configuration for magnetic field gradients between dB=0.1 T/m
to 0.7 T/m and detunings between δ/2pi=0 MHz to -150 MHz. In this configuration
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the maximum capture velocity of 30 m/s is achieved for a magnetic field gradient of
dB=0.2 T/m and a detuning of δ/2pi = −50 MHz. At dB=0.25 T/m, the magnetic
field gradient produced by the permanent magnets, the optimum detuning is at δ/2pi =
−60 MHz. The maximum flux of the 2D-MOT was achieved for a low detuning of δ/2pi=-
2.5 MHz. When increasing the detuning to δ/2pi=-50 MHz only a small drop in atoms
was observed in the 3D-MOT. Above this value the AOM caused a considerable loss of
laser power. This is considerably lower than the expected value. Further investigations
are required to gain more insight into this behaviour.
With carefully optimizing every step along the beam path I was able to increase the
power per 2D-MOT beam to 8 mW. Figure 5.8 shows intensity colour coded image of
the achieved 3D-MOT. The dispenser was at a current of 14 A and the 2D-MOT had
a detuning of δ/2pi=-2.5 MHz. With a detuning of δ/2pi=-20.5 MHz for the 3D-MOT
and using equation 4.9 the number of atoms in the 3D-MOT can be estimated to be
4 · 105 ± 0.4 · 105 atoms.
Figure 5.8: False colour image of 3D-MOT. For this measurement the 2D-MOT was
in operation and both repumpers were on. The field gradient was at 0.2 T/m and the
detuning was set to 20.5 MHz. The dispenser is at a current of 14 A.
By setting the exposure time of the camera to 50 ms, being just enough to get a good
intensity fit, the lifetime of the 3D-MOT was determined. Figure 5.9 shows a plot of the
loading and decay curve with a limited exponential growth fit. By blocking the reflected
beam from the 2D-MOT, blowing away all the atoms, the flux of atoms from the 2D-
chamber was effectively lowered to zero, allowing the measurement of the decay of the
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3D-MOT. The jump visible at an atom number of 9 · 104 is believed to be caused by a
problem in the camera program. It is up to now unclear what causes this consistently
appearing error at the same atom number. From the fit the lifetime of the MOT was
calculated to be τ=1/b=5.5±0.6 s. This is considerably higher than typical lifetimes of
0.2 s - 0.5 s reported in other strontium experiments [119, 120]. The increased lifetime
can be attributed to two main factors. One is the low atom number in our MOT,
limiting collision induced losses [119, 121]. The other one is attributed to the good
vacuum pressure combined with a low residual flux from the 2D-MOT chamber, which
causes less losses due to collisions with the background gas.
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Figure 5.9: 3D-MOT (a) Loading of 3D-MOT (b) Decay of 3D-MOT. The blue curve
shows the measured atom number. The red curve is a limited exponential growth or
decay fit to measured data with the fit parameters given in the inset. The jump at
9 · 104 atoms is caused by an error of the camera program. Experimental parameters
are the same as in figure 5.8.
Following the same calculations as in section 2.2.1 and using the calculated maximum
capture velocity of figure 5.7 the expected flux of the 2D-MOT in this configuration can
be estimated. The estimated flux is plotted in figure 5.10 for dispenser currents between
12 A to 14 A ranging from (1+ 0.3− 0.5) · 104 atoms/s to (1.4+ 0.5− 0.7) · 105 atoms/s
respectively.
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Using the from figure 5.8 calculated atom number of the 3D-MOT of 4 · 105 atoms and
the measured loading time of 5.5 s, I have measured a loading rate of 1.75 · 104 ± 0.3 ·
104 atoms/s. With the refined alignment for this measurement an increase in atom
number with the 2D-MOT on of a factor of eight was visible. Taking this into account
we can assume as a good estimate that all of the atoms trapped in the 3D-MOT were
pre cooled in the 2D-MOT. This allows us now to compare the measured loading rate
to the simulated flux of atoms from the 2D-MOT. Comparing the measured flux to the
estimated flux of (1.4 + 0.5 − 0.7) · 105 atoms/s our model is over estimating the flux
of the 2D-MOT by a factor of eight. Considering the limitations of this model, mainly
having not taking into account any collisions, the estimated order of magnitude for the
flux can be seen as a good estimate.
To compare the simulation to our experiment at lower dispenser currents the previously
calculated loading rate needs to be extrapolated, since no measurement data with the
improved alignment is available for lower dispenser currents. Using the linear relation-
ship of the number of atoms captured in the 3D-MOT in dependence of the dispenser
current from figure 5.6, we can extrapolate the atom number of the 3D-MOT for a cur-
rent from 12 A and 13.5 A. Combining these with an observed similar loading time of
the 3D-MOT for different currents, we get an atomic flux of 1.1 · 104± 0.3 · 104 atoms/s
and 0.7 · 104 ± 0.6 · 104 atoms/s for dispenser currents of 13 A and 12 A, respectively.
Between a dispenser current of 12-13 A the simulated flux shows a good agreement
with the extrapolated flux of the 2D-MOT. The changing agreement is due to the linear
dependence of the simulation on the dispenser flux, which increases exponentially with
current. While the measured flux only shows a linear dependence on the dispenser
current.
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Figure 5.10: Simulated and measured flux of atoms from the 2D-MOT for dispenser
currents between 12-14 A. The flux for 13.5 A to 12 A was extrapolated from the
14 A value using the linear relationship from figure 5.6. For the simulated flux the
same method as in section 2.2.1is used. It shows an exponential increase due to the
exponential increase of atoms emitted from the dispenser with increasing current.
Using the good agreement of the simulated flux up to 13.5 A of the dispenser and
assuming the planed beam size of 8 cm and with an intensity of 5 mW/cm2, as the
current state of the doubling cavity will provide, we can expect a flux of up to 1.2±0.4·106
atoms/s with the dispenser at a current of 13.5 A, as calculated in section 2.2.1. When
at a later stage a dispenser at 45◦ is installed, with appropriate shielding to protect the
viewports, a flux of up to 8.2±2.5 ·108 atoms/s can be expected. If the laser intensity is
increased close to saturation intensity up to several 109 atoms/s seem feasible. Compared
to a typical reported flux between 8·108 and 4·1010 atoms/s [9, 86, 87] in other strontium
experiments using Zeeman-slowers, our 2D-MOT configuration will be able to deliver a
similar order of magnitude of atomic flux with enough laser intensity.
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5.3 Summary
In this chapter I have discussed our results on the successful trapping of strontium.
The atoms were pre cooled in a 2D-MOT with an achieved loading rate of 1.75 · 104 ±
0.3 · 104 atoms/s for the 3D-MOT. In the 3D-MOT a total of 4 · 105 ± 0.4 · 105 atoms
was captured. The effect of the dispenser current on the number of captured atoms in
the 3D-MOT was investigated, showing a decreasing effect of the 2D-MOT for higher
currents which was attributed to collisions in the 2D-MOT with the background gas.

Chapter 6
Conclusions and Outlook
The aim of this thesis was the development of a mobile experiment for trapping of
strontium, which can be used as a clock. Much has been achieved in the last four years.
Our lab has developed from a construction site to an experiment demonstrating the first
2D-MOT for strontium. For the cooling and trapping of strontium I have built and
characterized the modular and mobile laser systems. This includes a frequency doubled
master oscillator power amplifier system for the main cooling transition. The constructed
monolithic frequency doubling cavity can generate 300 mW of blue light and has proven
to be a stable setup suitable for a mobile system. The two modular repumping lasers
were successfully locked to their respective transition in strontium with the use of a dc
discharge.
I have constructed a mobile vacuum apparatus with a two chamber concept, allowing for
efficient loading and offering an experimental chamber with low pressure and shielding
for black body radiation from the strontium source, which is one of the main limitations
for current strontium clocks.
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The first magneto-optical trapping of strontium using a 2D-MOT as a source of pre-
cooled has been demonstrated with this experiment. 4 · 105 ± 0.4 · 105 atoms were
captured in the 3D-MOT with a lifetime of 5.5 s.
Over the last year great improvements have been made to the system. A fourfold
increase in laser intensity is now available for the 2D-MOT with the output power of
the cavity having been doubled from initially 140 mW and by the bypassing the 2D
distribution module, saving the losses of a fibre coupling. The change of the repumping
diodes and their stabilisation to the atomic transition will enable us to have more stable
experimental parameters. With careful planing to protect the viewports from coating
with strontium the addition of a 45◦ dispenser is being prepared to benefit from the
full potential of the 2D-MOT. With these improvements I expect to see a substantial
increase in atomic flux from the 2D-MOT and in the number of trapped atoms in the
3D-MOT, showing the suitability of a 2D-MOT for the operation of an atomic optical
clock with neutral strontium atoms. Combining the simulation in section 2.2.1 and the
results of section 5.2 a flux in the order of 108 atoms/s can be expected.
In the near future a second frequency doubling cavity should further increase the in-
tensity and provide a significant increase of the expected flux of the 2D-MOT, allowing
for fast loading of the 3D-MOT, which is necessary for short cycling times required to
reduce the uncertainties of a clock.
With the implementation of the second stage red MOT in the near future, the atoms
will be cooled enough to be loaded into the optical lattice. The clock laser, which will
probe the clock transitions was developed in parallel in our group.[122]
On a broader view, strontium offers attractive potential for laser cooled experiments,
benefiting from its versatile level structure, whilst the easily accessible wavelength allows
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for simpler setups. strontium is showing its potential in the fields of ultra-cold gases
[123], cold molecules [124] and in the studies of Rydberg atoms [125].
Optical lattice clocks with strontium have now an agreement in the < 10−15 level, but
much work lies ahead to repeatedly reach uncertainty levels at the 10−17 level. The
biggest challenge remaining is the further detailed study of black body radiation effects.
But also collisions in the optical lattice are not to be neglected, where the step towards a
three dimensional blue detuned lattice could help resolve current issues, which is planed
to be installed in this experiment.
With new mobile optical clocks now emerging, such as the space optical clock project
(SOC)[70], a range of exciting new applications are coming within reach. The European
Union wide project SOC is targeted at harnessing unique opportunities offered by space.
Looking in the metrology field, many precision experiments are showing great progress
with consistently decreasing uncertainty levels. With exciting new approaches for even
the next generation of precision experiments being on the horizon. Such as the use of
the radio isotope 229-Thorium, using a nuclear transition [126] opens up an exciting way
to realise an ultra precise time keeper.

Appendix A
MOT Capture Velocity
Simulations
Simulated Maximum capture velocities as described in section 2.2.1 for intensities from
I=1.25 mW/cm2 to I=40 mW/cm2. In each step the intensity is doubled. The plots are
showing the simulation for the 45◦ dispenser (a) and the foil dispenser (b).
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Figure A.1: Simulated capture velocity for various detuning and magnetic gradient
settings for I=1.25 mW/cm2 and a beam width of 1 cm.
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Figure A.2: Simulated capture velocity for various detuning and magnetic gradient
settings for I=2.5 mW/cm2 and a beam width of 1 cm.
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Figure A.3: Simulated capture velocity for various detuning and magnetic gradient
settings for I=5 mW/cm2 and a beam width of 1 cm.
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Figure A.4: Simulated capture velocity for various detuning and magnetic gradient
settings for I=10 mW/cm2 and a beam width of 1 cm.
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Figure A.5: Simulated capture velocity for various detuning and magnetic gradient
settings for I=20 mW/cm2 and a beam width of 1 cm.
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Figure A.6: Simulated capture velocity for various detuning and magnetic gradient
settings for I=40 mW/cm2 and a beam width of 1 cm.
Appendix B
Theoretical Fibre Coupling
Efficiencies
Figure B.1: Theoretical fibre coupling efficiency for Scha¨fter und Kirchhoff M4 achro-
matic lens for wavelengths from 461 nm to 689 nm. Defocus donates how much the
coupling lens has to be moved to reach this point. The numbers for defocus 0 show the
relative coupling efficiencies for different wavelengths. Plot provided by Scha¨fter und
Kirchhoff.
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Figure B.2: Theoretical fibre coupling efficiency for Scha¨fter und Kirchhoff M4 achro-
matic lens for wavelengths from 461 nm to 689 nm. Defocus donates how much the
coupling lens has to be moved to reach this point. The numbers for defocus 0 show the
relative coupling efficiencies for different wavelengths. Plot provided by Scha¨fter und
Kirchhoff.
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